City University of New York (CUNY)

CUNY Academic Works
Dissertations, Theses, and Capstone Projects

CUNY Graduate Center

9-2019

Lead and Arsenic Contamination in Urban Soils in New York City
Anna Paltseva
The Graduate Center, City University of New York

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/gc_etds/3301
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

LEAD AND ARSENIC CONTAMINATION IN URBAN SOILS IN NEW YORK CITY

by

ANNA A. PALTSEVA

A dissertation submitted to the Graduate Faculty in Earth and Environmental Sciences in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, The City University of
New York
2019

i

© 2019
ANNA A. PALTSEVA
All Rights Reserved

ii

Lead and Arsenic Contamination in Urban Soils in New York City

by
Anna A. Paltseva

This manuscript has been read and accepted for the Graduate Faculty in Earth and Environmental
Sciences in satisfaction of the dissertation requirement for the degree of Doctor of Philosophy.

_____________________
Date

________________________________________________
Zhongqi Cheng
Chair of Examining Committee

_____________________
Date

________________________________________________
Monica Varsanyi
Executive Officer

Supervisory Committee:
Peter Groffman
Murray McBride
Alexander Van Geen
Pengfei Zhang
THE CITY UNIVERSITY OF NEW YORK
iii

Abstract
Lead and Arsenic Contamination in Urban Soils in New York City

by
Anna A. Paltseva

Advisor: Zhongqi Cheng

This dissertation examined total and bioaccessible soil lead (Pb) and arsenic (As)
concentrations and their accumulation in commonly grown garden vegetables in New York City
(NYC) metropolitan area. Direct oral ingestion of contaminated soil and consumption of plants
that have accumulated Pb or As from underlying soil are known human exposure pathways in
urban garden soils that often contain elevated levels of contaminants. The research had four
components: (1) assessment of the variability of bioaccessible Pb in NYC urban soils; (2) field
experiments to evaluate Pb stabilization and As mobilization by phosphate and alternative
amendments; (3) development of a new screening method for rapidly assessing bioaccessible Pb
using an X-ray fluorescence (XRF) Analyzer and (4) a case study of a highly contaminated urban
garden. The research involved a mixture of field experiments in urban and suburban locations and
detailed laboratory measurements of Pb and As in soil and plant tissue samples. The results
highlight the potential risks of Pb and As in both urban and suburban garden soils to humans. The
results should be of use to policy makers, soil managers, and gardeners interested in reducing these
risks and developing best practices to minimize gardener exposure to contaminants.
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Chapter 1. Introduction
One of the earliest metals discovered by the humans is lead (Pb) and it has been used for
over 5000 years. The ancient Romans used Pb for making water pipes and lining baths. During the
Middle Ages, alchemists considered Pb as a key constituent in techniques thought to be capable
of generating gold from baser metals. By the 20th century, the U.S. had emerged as the world’s
leading producer and consumer of refined Pb. According to the National Academy of Science’s
report on Lead in the Human Environment, the U.S. was by 1980 consuming about 1.3 million
tons of Pb per year (Lewis, 1985). Arsenic (As) came to be used by humans much later than Pb.
The earliest available records indicate use of As-sulfides in China as early as A.D. 900, and
incorporation of As-oxide in ant bait in Europe in 1699 (Shepard, 1939). Lead arsenate was first
used as an insecticide in 1892 against gypsy moth (Lymantria dispar) in Massachusetts, USA
(Peryea, 1998). Arsenic and Pb have been used as pesticides (e.g., calcium arsenate, lead arsenate,
and copper arsenate) for orchards growing apples, peaches, and potatoes. Since Pb is relatively
immobile and As very slowly leaches through soils (Hood, 2006; Verneman et al., 1983), Pb and
arsenate that contaminated soils in the late 1800s persists today (Schooley et al., 2008). Many
urban vacant lots and suburban orchards known for elevated Pb and As concentrations are now
being converted to residential areas increasing the potential hazard to human health from gardening
activities and transfer through a food chain (Hood, 2006; Kaiser et al., 2015; McBride, 2016).
According to the U.S. EPA report (U.S. EPA, 1998a), three sources contributing to elevated
soil-lead levels are lead-based paint, point source emitters (e.g. smelters, refuse incinerators, dump
sites for lead-acid batteries); and leaded gasoline emissions. In the literature review provided in
the report, no definitive evidence was found suggesting a particular source that can be regularly
identified as responsible for elevated soil-lead concentrations at any particular residence. Many
1

studies cite more than one source as commonly responsible for elevated soil-lead levels at a given
location.
Based on the Agency for Toxic Substances and Disease Registry, inorganic As is used to
preserve wood, while copper chromated arsenate is used to make “pressure-treated” lumber. Even
though copper chromated arsenate is no longer used in the U.S. for residential purposes, it is still
used in industrial applications. Pesticides based on organic As compounds are used mainly on
cotton fields and orchards (ATSDR Division of Toxicology and Environmental Medicine, 2007).
Direct oral ingestion of contaminated soil and consumption of plants that have accumulated
Pb and As from that soil are known as exposure pathways for urban gardeners (U.S. EPA, 2011a).
Human health risk evaluations of toxic metals in soils based on total soil metal content can
overestimate actual risk since only a percentage of metals in soil is bioavailable, i.e. can be
absorbed in the gastrointestinal tract upon ingestion (U.S. EPA, 2007a). In vitro bioaccessibility
assays performed in a laboratory that measure dissolution of metals from soil in a solution
mimicking a gastric environment are commonly used as a reliable and cost effective means of soil
metal bioavailability (Bradham et al., 2011). Thus, important parameters in assessing the potential
for human exposure to toxic metals from urban gardens are total soil metal concentrations, soil
metal bioavailability or bioaccessibility, and edible plant tissue concentrations (Misenheimer et
al., 2018).
Phosphate amendment (e.g. triple super phosphate, rock phosphate, phosphoric acid) is
being promoted as a cost effective means of reducing Pb hazards in soil via the formation of stable
pyromorphite, i.e. Pb-phosphate minerals (Hettiarachchi and Pierzynski, 2002; Scheckel et al.,
2013) and in drinking water delivered to consumers (Skipton S., Hay, 1997). A few studies have
also shown the potential for As mobilization due to phosphate application (Scheckel et al., 2013;
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U.S. Department of Health and Human Services, 2007). The magnitude of the effects of phosphate
amendments on Pb stabilization and As mobilization is poorly characterized for urban soils especially in relation to the ability of phosphates to reduce Pb uptake by plants and bioaccessibility
to humans.
Understanding the relationship between Pb and As concentrations in soil and uptake by
plants is also critical for characterizing potential exposure to these metals in urban gardens from
consumption of edible plants. McBride (2013) found that garden-grown vegetable Pb and As levels
have a strong association with crop type. Root and leafy crops have a much higher potential for Pb
and As contamination than fruit vegetables. Moreover, physical contamination of vegetable crops
(particularly leafy greens) with Pb-contaminated soil particles that end up on plant surfaces can be
a significant source of dietary exposure to Pb (Metals in Urban Garden Soils. Healthy Soils,
Healthy Communities. Cornell University, 2015).
Urban soils known for their heterogeneity differ greatly in total and bioaccessible Pb
concentrations. Existing in vitro bioaccessibility assays require well-equipped laboratories that are
capable of measuring Pb concentrations in leachate solutions using advanced instrumentation such
as ICP-MS. New methods and techniques have been developed to extend the potential of XRF (Xray fluorescence) to analyze liquid solutions, which has the ability to conduct nondestructive, noncontact analysis of solid and liquid samples with minimal sample preparation, high repeatability,
and little operator training (Moradi et al., 2015). Rapid low-cost technique for estimating
bioaccessibility is needed for measuring large numbers of urban soil samples.
The focus of my dissertation is to examine bioaccessible soil lead (Pb) and arsenic (As)
concentrations and their accumulation in commonly grown garden plants in NYC metropolitan
area. The specific research objectives are:
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1. To assess bioaccessible Pb in urban garden soils and how they relate to phosphates,
organics, pH and other soil variables;
2. To quantify the degree of As mobilization and Pb stabilization due to addition of varying
combinations of phosphates, compost, raised bed soil, and Fe, Mn, and S amendments;
3. Evaluate factors that determine or affect Pb and As levels in vegetable tissue;
4. Develop affordable new screening methods for rapidly assessing bioaccessible Pb using
an XRF Analyzer.
In this study, the total and bioaccessible concentration of Pb and As in NYC garden soils
and Pb and As plant tissue concentrations sampled from the suburban farm in New Jersey and an
urban garden in Brooklyn were measured to identify potential exposure related to human health in
local communities. These results add to the existing knowledge in characterizing potential
exposure to Pb and As from urban gardens, and provide important site-specific metal exposure
information to local community members.
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Chapter 2. Geospatial Analysis and Soil Quality Assessment of Garden Soil Contamination
in New York City
Paltseva A., Cheng Z. (2018). Application of GIS to Characterize Garden Soil Contamination in
New York City, in: Proceedings of the Global Symposium on Soil Pollution. Food and Agriculture
Organization of the United Nations, Rome, Italy, pp. 565–573.
2.1 Introduction
While water and air pollution have been widely recognized and subsequently protected by
federal and state legislation in the U.S. during the 20th century, soil contamination in urban
environments has only started to receive attention over the past few decades (Mielke, 1999). Soil
contamination may pose significant health risks to urban residents and particularly to gardeners,
who may regularly interact with contaminated soil and consume garden produce. Urban gardening
has increased significantly in recent years; therefore, the inherent risks of gardening in
contaminated soil will become an important issue of public health as more urban residents become
affected by soil contamination.
Urban soil is a sink for anthropogenic lead (Pb) and other contaminants. Trace metals are
among the most recalcitrant and lasting contaminants in cities, posing major health concerns
(Meuser, 2010). In urban gardening, principal contaminant exposure pathways to human body
consist of inhalation and ingestion of soil particles, including those lodged in vegetables through
splash and local re-deposition, as well as ingestion of trace metal-contaminated vegetables (Brown
et al. 2016; Paltseva et al. 2018; Clark et al. 2008). Lead is a known neurotoxin affecting nearly
all bodily systems (Lanphear et al., 1998; Mielke, 1999; Ryan et al., 2004). Common health
consequences for children are behavioral or learning issues, decreased IQ, hyperactivity, delayed
growth, hearing problems, anemia, and in rare cases Pb exposure can lead to seizures, coma, or
death (U.S. EPA, 2011b).
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Soil trace metal contamination is mainly the result of historical deposition from past land
use and proximity to polluting sources, such as power plants, incinerators, old houses, and
vehicular traffic (Alloway, 2004; Chaney et al., 1984), as well as geogenic sources (Jean-Soro et
al., 2015; Pouyat et al., 2007). According to an EPA report (U.S. EPA 1998), three sources
responsible for the elevated soil-lead levels have been identified: (1) lead-based paint; (2) point
source emitters; and (3) leaded gasoline emissions. Many studies cite more than one source as
commonly responsible for elevated soil-lead levels at a given location.
Starting in 1973, the U.S. federal government initiated a gradual phase-out of Pb in
gasoline, and by 1996, banned the sale completely (Smith, 1976). However, gardens near busy
streets may have accumulated higher levels of Pb in the topsoil. Today, Pb is still emitted from
some manufacturing sites such as metal smelting, battery manufacturing, and other factories that
use Pb in industrial processes. Although the Toxic Substances Control Act (TSCA) banned the use
of Pb-based paint in 1978, flakes of lead-based paint on the outside of the old buildings can also
get into the soil close to the foundation of buildings. Contaminated soil dust can be re-suspended
by wind, and mobilized into homes and yards. Lead contaminated soil has been recognized as one
of the major sources of Pb exposure (“Summary of the Toxic Substances Control Act,” 1976).
Urban soils are known to be very spatially heterogeneous in parent material, biological,
chemical, and physical properties (Pouyat et al. 2010). High concentrations of trace metals are
universally reported around the world with high variances. Trace metals in a soil vary in their
availability to plants, soil creatures, and humans depending how these characteristics spatially
fluctuate in the urban landscape due to functional zoning, proximity to roads, emissions, etc. (Pouyat
et al. 2010). Soil Pb distribution in many large cities has been profoundly investigated (e.g., Levin
et al., 2008; Mielke et al., 1983; Wu et al., 2010; Yesilonis et al., 2008), including New York City
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(Burt et al., 2014; Cheng et al., 2015; Li et al., 2018). Previous studies have called for further detailed
geospatial analysis of the data using large-scale Geographic Information Systems (GIS) for a better
health-based assessment (Datko-Williams et al. 2014), as well as the evaluation of soil contamination
in the context of risk to human health and threat to ecological systems. Thus, the aims of this study
are: 1) to analyze the spatial distribution of Pb in NYC gardens; 2) to assess pollution and ecological
risk indices using available trace metal data; and 3) to identify areas and gardens at potential risk
from historical or current industrial sites.

2.2 Materials and methods
2.2.1 Data sources
The data on soil trace metal concentrations have been collected by Brooklyn College Soil
Lab and NYC Urban Soil Institute since 2009. This is part of a soil screening and testing service
provided by the Lab to the public, which is an affordable way to collect data. Gardeners were
instructed to collect soil from the surface down to depths of 14 to 20 cm and from 5 to 10 locations
around the garden. Each sample was recoded with a unique identification number, location, type
of garden, soil trace metal concentration and other soil characteristics.
Soils are mostly screened by a portable X-ray fluorescence (pXRF) analyzer Innov-X Delta
Classic (U.S. EPA, 2006), with some samples analyzed by Inductively coupled plasma mass
spectrometry (ICP-MS ) Perkin Elmer, Elan DRCe (EPA Method 6020a) following acid digestion
with EPA Method 3052 (USEPA 1996a, 1998b). The XRF scans were done directly on zip lock
bags containing air-dried soil sent in by gardeners. Each sample was scanned three times with 90
sec exposure time. Samples were remixed between scans. Mean concentrations from the three
scans were then recorded.
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For external quality control for the ICP-MS analyzed samples reference standards SRM2702, SRM-2586, SRM-2587, and SRM-2702a were used. Each batch digestion of up to 25
samples always included at least three of these reference standards. Germanium was used as an
internal standard for instrumental drift correction in all analyses. A comparison between the
external and internal correction methods did not show significant or systematic differences. For
the samples with both ICP-MS and XRF analyses performed, there was good agreement between
the two sets of Pb concentration data, with correlation coefficient of 0.94.
The first map of Pb contamination for garden soils in New York City (NYC) was published
in 2015 based on data for 1,652 garden soil samples, collected during the 2009-2014 period (Cheng
et al. 2015). Li et al. (2018) added data from other land uses and from various sources, and
published a more comprehensive Pb distribution map for NYC. New data have been continuously
organized, georeferenced and added to the original database. In total, there are 2322 garden soil
samples in this study, collected during the 2009-2017 period (Figure 2.3).
Locations of historical contaminant sources (e.g. coal yards, smelters, factories, refineries,
Pb companies) were found on the EPA website (www.epa.gov), the ToxiCity Mapping Project
(http://nag-brooklyn.org/toxicity-map/) in Greenpoint and Williamsburg and Sanborn maps
available in Digital Collections of Atlases of New York City in the New York Public Library
(https://digitalcollections.nypl.org/collections/atlases-of-new-york-city). Shape files of Green
Thumb Gardens, parks, schoolyards, playgrounds, NYC borough and zip codes boundaries were
downloaded from NYC Open data (https://nycopendata.socrata.com/). The list of NYC
neighborhoods (Table 2.2) was adapted from the United Hospital Fund found at the NYC
Department of Health and Mental Hygiene Environment & Health Data Portal. Boundaries for 42
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neighborhoods were retrieved from the Official Website of the City of New York
(http://www.health.ny.gov/).

2.2.2 Geospatial analyses and visualization
ESRI ArcGIS 10.5 was used for geospatial analysis and visualization of the trace metal
data. Lead concentration was interpolated by ordinary kriging (Figure 2.3). Kriging allows
predicting the value in unmeasured points based on the known data in neighboring points and
spatial relationships between the points. Ordinary kriging uses dimensionless points to estimate
other dimensionless points, e.g. Pb contour plots. Green space feature class aggregated from Green
Thumb Gardens, parks, schoolyards and playgrounds was used as a mask.
The Pb levels are shown in mg kg-1 and are classified into four categories (0-149 mg kg-1,
150 – 399 mg kg-1, 400 – 1200 mg kg-1and > 1,200 mg kg-1). The 1200 mg kg-1 threshold reflects
U.S. EPA standard for non-children play areas and the 400 mg kg-1 threshold reflects U.S. EPA
standard for children play areas (U.S. EPA 2001). The 150 mg kg-1 value is an estimated threshold
for soil Pb, reflective of the new Center for Disease Control and Prevention (CDC) guidance.
Based on research conducted by the Toxics Cleanup Program Policy and Technical Support Unit,
2010, a level of 150 mg kg-1 of Pb in soil can lead to an approximate blood Pb level of 5µg/dl
(Centers for Disease Control and Prevention, 2012).
Past manufacturing/industrial areas with potential Pb-containing products were mapped
based on historical records. Twenty-six sources were identified as coal yards, smelters, factories,
refineries, lead companies existed between 1768 and 2004 that could be considered as potential
Pb sources at the time they were active. These sources were overlaid with the soil Pb contamination
map (Figure 2.4). Distance of 1.6 km (buffer radius) from the industrial sites was used as a potential
risk zone. Mielke and Reagan (1998) stated that living less than 1 mile (1.6 km) from an active
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smelter is a health risk. Buffer and intersect tools were used in Model Builder to estimate zones of
green spaces around these industrial sites where topsoil were polluted by these point sources
(Figure 2.4).

2.2.3 Soil quality assessment
To assess soil quality, pollution and ecological risk of the garden ecosystems the following
indices were used:
1. The contamination factors CFi for the same metal was determined as CFi=Cm/Bm, where
Cm is the measured concentration of the examined metals in the soil samples, and Bm is the
background concentration in unpolluted soils (Hakanson, 1980). The following values used
in this study Cd=0.5, Pb=19, Zn=65, As=5, Ni=17, Cu=14, Cr=13 were adapted from New
York State Department of Environmental Conservation Rural Soil Background Survey
(New York State Department of Environmental Conservation, 2005).
2. The single ecological risk index Ei=Ti*CFi, where Ti is the toxic-response factor for a given
metal (e.g. Cd=30, Pb=5, Zn=1, As=10, Ni=5, Cu=5, Cr=2) (Hakanson, 1980);
3. The potential ecological risk index (PERI)=∑(Ei) posed by multiple element pollution was
originally proposed by Hakanson (1980) to assess heavy metal contamination of sediments.
Later, it was adopted to evaluate heavy metal contamination in soils and to relate ecological
and environmental effects with their toxicology and the toxic-response factor (Mugoša et
al., 2016; Qingjie et al., 2008).
4. The pollution load index introduced by Tomlinson el al. (1980): PLI=(CF1 *CF2
*…*CFn)(1/n), where n is the number of metals studied), gives simple comparative means
for assessing a site quality. The PLI shows the number of times by which the metal
concentration in the soil exceeds the average natural background content. It provides a total
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indication of the overall level of trace metal toxicity in a given sample. The PLI value of >
1 is considered as polluted, PLI <1 - no pollution, and PLI=1 means that trace metal load
is close to the background level (Cabrera et al., 1999).

2.3 Results and Discussion
2.3.1 Assessment of soil quality using pollution and ecological risk indices
To assess quality of soils and their contamination levels different indices were used. Using
the contamination factors (CF) showed in Table 2.1, it was possible to rank the following degree
of contamination factors based on the mean values for 126 samples: Pb > Cd > Cu> Zn > Cr > As
> Ni. The contamination factors were classified as follows: low (CF<1); moderate (1<CF<3);
considerable (3<CF<6); and very high (CF>6). This shows that on average for all 126 soils, Pb,
Cd, Cu, and Zn have the highest CF and in the “very high” category, while none of the
contaminants falls into the “low” category. It should be noted that, however, the CF values for
individual samples are highly variable, and sometimes can differ by 2-3 orders of magnitude. This
is consistent with the extreme heterogeneities common for urban soils.

Table 2.1. Summary statistics of the contamination factors (CF) for 126 soil samples
Contamination factors (CF)
Pb

As

Cd

Ni

Cr

Cu

Zn

Mean

35.9

4.4

9.3

1.2

5.3

7.8

7.3

Min

0.8

0

0

0

0.5

0.3

0.9

Max

180.5

119.9

96.0

4.4

72.1

64.3

30.8

Std Dev

37.4

11.5

19.3

0.7

7.4

9.5

5.6
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The calculated Ei - Single ecological risk index of the individual contaminants is
represented on logarithmic scale in Figure 2.1. It indicates that Pb and Cd have high to significantly
high risk to the local ecosystem, while Zn, Cr and Ni indicated low risks and other elements (As
and Cu) showed moderate risk.
Contributions of individual trace metals to the overall potential ecological risk of the soil
are represented on Figure 2.2. The ecological risk comes mainly from soil pollution with Cd (49%)
and Pb (32%), consistent with the single ecological index (Ei) and the contaminant factor (CF).
When the overall potential ecological risk (PERI) to the local ecosystems is considered, 52% of
the studied samples had very high PERI (>600), 32% had considerable PERI (300-600), 21% had
moderate PERI (150-300), and only 26% of the samples had low PERI (<150).
The pollution load index gives simple comparative means for assessing a site quality. For
the 126 samples, PLI ranged from 1.1 to 64 with mean of 9.1. PLI > 1 (polluted soil quality)
indicates progressive deterioration (Cabrera et al., 1999).

Figure 2.1. Single ecological risk indices of the individual contaminants represented on the
logarithmic scale
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Figure 2.2. Makeup of the mean potential ecological risk index (565). The number next to the
element represents contributions of individual heavy metals to the mean potential ecological risk
of the soils.

2.3.2 Distribution of soil Pb in NYC gardens
Spatial patterns in Pb distribution was mapped and analyzed based on 2322 sample points
from the compiled database (Figure 2.3). Each point on the map is a garden and may represent
multiple samples that are from the same street address. Total Pb concentrations ranged from 3.3 to
45,076 mg kg-1 (mean 638 mg kg-1and median 344 mg kg-1). Overall, garden soil Pb contamination
is mostly concentrated in Brooklyn. The highest Pb concentrations vary among different
neighborhoods of northern and central Brooklyn. Two gardens were identified with Pb
concentration over 10,000 mg kg-1. The garden from the 11205 zip code (Downtown-Heights-Park
Slope) had the highest Pb concentration found in this study 45,076 mg kg-1 (Figure 2.3). There
were 282 garden samples from 245 gardens with Pb concentrations exceeding 1,200 mg kg-1. The
largest number of samples (219) was collected from the 11238 zip code (Prospect Heights). If
neighborhood (a district comprised of several zip code areas) is considered, the greatest number
of samples (421) were collected from the Downtown-Heights-Park Slope area. The highest median
Pb level among all zip codes (1052 mg kg-1) was found in the 11211 zip code in Greenpoint. The
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highest median (617 mg kg-1) among the neighborhoods was found in Williamsburg-Bushwick,
Brooklyn. It should be noted that there were not enough samples collected in eastern Queens, the
Bronx and throughout Staten Island to confidently map and predict Pb distributions in those areas.

Table 2.2 Lead concentrations in gardens of NYC neighborhoods, mg kg-1
Neighborhood

Median

Max

Min

Greenpoint

584

15911

10

Williamsburg-Bushwick

617

3970

14

Downtown-Heights-Park Slope

560

45076

3.7

Bedford Stuyvesant-Crown Heights

470

3793

3.3

East New York

491

1863

57

Sunset Park

518

3515

57

Borough Park

516

5474

11

East Flatbush-Flatbush

323

2944

10

Canarsie-Flatlands

182

863

26

Bensonhurst-Bay Ridge

276

1609

11

Coney Island-Sheepshead Bay

112

1425

12

Kingsbridge-Riverdale

132

965

52

Northeast Bronx

147

515

21

Fordham-Bronx Park

110

761

23

Pelham-Throgs Neck

172

2015

29

Crotona-Tremont

97

1374

40

High Bridge-Morrisania

191

742

25

Hunts Point-Mott Haven

233

541

46

Washington Heights-Inwood

233

2439

38

Central Harlem-Morningside Heights

262

6395

29

East Harlem

100

2639

21

Upper West Side

215

2273

31

Upper East Side

131

1905

13

14

Chelsea-Clinton

246

2077

13

Gramercy Park-Murray Hill

107

1105

11

Greenwich Village-Soho

71

3478

10

Union Square-Lower East Side

169

1176

32

Lower Manhattan

240

3051

24

Long Island City-Astoria

293

1039

11

West Queens

334

2766

27

Flushing-Clearview

147

508

39

Bayside-Little Neck

673

na

na

Ridgewood-Forest Hills

188

520

19

Fresh Meadows

158

653

62

Southwest Queens

555

685

82

Jamaica

555

1726

54

Southeast Queens

173

295

52

Rockaway

221

780

14

Port Richmond

433

840

89

Stapleton-St. George

562

1418

27

Willowbrook

170

na

na

South Beach-Tottenville

44

155
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2.3.3 Historical and current contamination in NYC
Locations of industrial sites such as smelters, coal yards, factories, refineries, lead
companies that existed between 1768 and 2004 are shown on Figure 2.4. Thirty-three gardens are
within one mile (1.6 km) from known potential historical contaminant sources, and all these
gardens have very high soil Pb levels. The locations of current industrial sites (abandoned smelters,
factories, superfund sites, and waste transfer stations) and major roads were overlaid on the soil
contamination map. Due to existing regulations, these current industrial sites are not actively
releasing contaminants as it used to be, but may still have very high levels of Pb and other
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contaminants in topsoil and serve as a contamination source for neighboring areas. Forty-six
gardens were identified to be at risk from the current contaminant sources and 28 gardens - from
both historical and current industrial sites, located within one mile (1.6 km) radius.
The Pb distribution map shows that, in general, soil Pb content decreases from the inner
city towards outskirts, which is commonly seen for cities with an industrial history (Mielke 1999).
Li et al. (2018) found a general correlation between Pb levels and historical land use, where highly
elevated levels of soil Pb corresponded with industrialized areas. Specific hotspots of Pb were
identified in neighborhoods with extensive industrial history such as Red Hook, Brooklyn Heights,
Gowanus, Park Slope, Boerum Hill, Fort Greene, Williamsburg, and Bedford-Stuyvesant. These
observations are consistent with current findings with the highest soil Pb found in the same
neighborhoods.

2.3.4 Sources of Pb and other contaminants
Historically, leaded gasoline, lead-based paint, and many other lead-based products were
widely used until around 1990’s (U.S. EPA 1996). It has been recognized that these two common
sources of Pb contributed to the widespread, non-point source Pb deposition into the soil,
especially in urban areas. An estimated 4-5 million metric tons of Pb from car exhaust released
into the environment from 1929 to 1986 throughout the United States (Sheets et al., 2001) is a big
contributor to the soil legacy of Pb. Although lead-based paint is no longer being used, some old
houses still serve as a source of Pb for soil. Moreover, solid waste incineration (common in the
U.S. and New York City during the 20th century) could be another source of trace metals (including
Pb) caused by excessive aerial deposition of contaminants on soil (Walsh et al. 2001). With an
estimated 34 million tons of refuse deposited in landfill throughout NYC, incineration of waste
caused the release of 1 million tons of air pollutants, which eventually settled onto the topsoil.
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Manufacturing and smelting activities involving lead-bearing products, as point sources, also have
contaminated soil with large quantities of Pb deposited into the topsoil within the industrial site
and neighboring areas. It is highly likely that at many places both point and non-point sources of
Pb contributed to the elevated levels of Pb in soil.

2.3.5 Soil quality evaluation
The mean value of the PERI for the studied soils, calculated as the sum of the single
ecological risk index (Ei) of the trace metals, is 565, indicating an overall considerable ecological
risk posed by the trace metals. The calculated Ei indicated that Ni, Cr, and Zn pose low risk to the
local ecosystem, while Cd and Pb had the highest Ei. The overall potential ecological risk varies
greatly for different gardens, highlighting the extreme heterogeneities of soil contamination in
urban areas (Burt et al., 2014; Cheng et al., 2015). The PLI values for all samples were >1,
indicating widespread contamination of urban soils comparing to non-urban background soils.
The U.S. EPA has established 400 mg kg-1 in soil as the human health Soil Screening Level
(SSL) for Pb based on the direct soil ingestion exposure pathway, assuming a default relative
bioavailability (RBA) of 60% (U.S. EPA, 2014, 1998a). Residential areas with soil Pb
concentrations below 400 mg kg-1 may require no additional action. However, some actions may
be needed in gardens containing soil Pb concentrations below 400 mg kg-1 to reduce the potential
for increased Pb exposure (U.S. EPA, 2014). According to recommended guidelines regarding
gardening, soil Pb levels under 100 mg kg-1 are considered low risk (39% or 53 out of the 126
gardens), with no additional action needed (U.S. EPA, 2014). Nineteen percent or 24 out of the
126 gardens at medium risks (with total Pb between 100 and 400 mg kg-1) and 42% or 49 gardens
showed high-risk level from the potential Pb exposure (with total soil Pb > 400 mg kg-1) are
required to adopt remediation or best management practices to mitigate the exposure. Some
17

practices may include mulch or straw cover, adding organic compost for aggregation stability, and
bringing in clean soil (Egendorf et al. 2018). Comparing cumulative indices (e.g. PERI identified
52% of the studied samples with very high risks) and EPA guidelines (e.g. 42% of garden samples
showed high-risk level from the potential Pb exposure), it was found that overall the indices and
EPA guidelines demonstrate similar outcomes considering different approaches.

2.4 Conclusion
In this study, soil quality assessment indices were calculated based on individual metals
(Pb, Zn, Cd, As, Cu, Cr, Ni) for 126 garden samples. The majority of soils are contaminated and
poses significant risks to human health and ecological systems, particularly by Pb and Cd. A
consolidated garden soil Pb database was compiled (total of 2322 garden samples), from which a
series color-coded maps was created to visualize areas with potential health risk from soil
contamination. The highest Pb levels were found in northern and central Brooklyn. Generally, Pb
levels became lower toward the suburban areas. The Pb contamination map would be valuable not
only to guide remediation efforts, but also for urban planning such as developing gardens and
green spaces or sitting of new parks.
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Figure 2.3. NYC Gardens: Pb Soil Contamination map shows predicted soil Pb distribution by
kriging based on 2322 garden soil samples. (Note: there were not enough samples collected in
eastern Queens, the Bronx and throughout Staten Island to confidently map and predict Pb
distributions in those areas).
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Figure 2.4. Potential sources of soil contamination. Data collected from EPA website, the ToxiCity
Mapping Project and Sanborn maps. Buffers represent 1.6 km potentially contaminated areas from
the sites
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Chapter 3. Variability of Bioaccessible Lead in Urban Garden Soils

Paltseva A., Cheng Z., Deeb M., Groffman P., Maddaloni M. (2018). Variability of Bioaccessible
Lead in Urban Garden Soils. Soil Science, 183 (4), 123-131.

3.1 Introduction
In urban environments, soil is a sink for many pollutants such as lead (Pb) and is an
important source of contamination (Li et al., 2018). Leaded paint and gasoline are considered the
two major sources of Pb to urban soil followed by mining, construction, and the use of synthetic
products (pesticides, industrial waste, etc.) (USDA NRCS, 2000).
Soil Pb can pose significant human health risks. Gardening and outdoor activities are
increasingly popular in urban areas, which increases human contact with soil and exposure to soilborne contaminants (USDA NRCS, 2000). Exposure can occur through direct ingestion and
inhalation and via food chain transfer. Incidental ingestion, inhaled dust, and soluble Pb taken up
by plant roots are potential exposure mechanisms (Scheyer and Hipple, 2005). Chronic ingestion
of Pb is especially hazardous to children as their neurological systems are more susceptible to the
adverse health effects of Pb. Pregnant women and fetuses are particularly vulnerable to Pb
exposure (U.S. EPA, 2013).
Urban areas are frequently polluted with heavy metals. For example, a survey in New York
City based on 1,652 garden soil samples found a median Pb concentration of 355 mg kg−1 (Cheng
et al., 2015), with concentrations ranging over three orders of magnitude (3–8,912 mg kg−1). More
than 68% of the home garden samples and 10% of the community garden samples exceeded the
EPA threshold for Pb for bare soils in play areas of 400 mg kg-1(U.S. EPA, 1992). However, not
all Pb in soil is bioavailable. By definition, the bioavailability of a pollutant is the percentage of
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the contaminant that can be absorbed by the human body (U.S. EPA, 2011b). Mineralogical,
chemical, and physical characteristics of soil can affect the absorption or bioavailability of Pb
when it is ingested (U.S. EPA, 2012a).
Standard in vivo tests for contaminant bioavailability include the juvenile swine model, the
rodent model, the primate monkey model, and, in very few cases, human exposure feeding (Casteel
et al., 2006; Ryan et al., 2004; Zia et al., 2011). While bioavailability is assessed with in vivo
experiments, bioaccessibility is assessed through in vitro measures of the physiological solubility
of the metal, which may be available for absorption into the body (USEPA, 2012). For mitigating
health risks associated with Pb in urban soils, it is important to validate appropriate methods for
measuring bioavailable Pb.
In vitro gastrointestinal extraction tests have been developed to measure bioaccessible Pb
concentrations as a predictor of bioavailable Pb concentrations. The Relative Bioaccessibility
Leaching Procedure (Drexler and Brattin, 2007; Kelly et al., 2002), the Solubility/Bioavailability
Research Consortium in vitro–gastric and in vitro–intestinal assays (Juhasz et al., 2009), and EPA
Method 1340 (USEPA, 2013) are all based on a glycine solution extract. Other in vitro methods
for measuring bioaccessibility, such as the physiologically based extraction test (Hettiarachchi et
al., 2003; Ruby et al., 1996), The Ohio State University in vitro gastrointestinal method (Schroder
et al., 2004), the Unified Bioaccessibility Research Group of Europe Method, and the BARGE
method (Denys et al., 2012; Wragg et al., 2011), have also been correlated with in vivo
measurements.
Even though in vivo animal models are more reliable for estimating the bioavailability of
contaminants, they are expensive and time consuming. For this reason, in vitro methods are
commonly used for assessing bioaccessibility of Pb in soils, especially when testing many samples
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with variable bioaccessibility (Attanayake et al., 2014). In vivo methods have been used to
determine Pb bioavailability predominantly in highly contaminated nonurban sites (Ryan et al.,
2004; Scheckel et al., 2013, 2009; U.S. EPA, 2007b; Zia et al., 2011). EPA Method 1340 is a
comparatively inexpensive alternative to in vivo assays for predicting relative bioavailability of Pb
in soil and soil-like materials. The method determines the degree of Pb solubilization in an
extraction solvent that resembles gastric fluid.
Urban soils are frequently amended with phosphates (Henry et al., 2015). Assessing the
bioaccessibility of Pb in soils with variable phosphate content is greatly dependent on the pH of
the extraction fluid (Scheckel et al., 2013). Recent studies suggest that the EPA 1340 method is
not an accurate predictor of bioavailable Pb in soils with high carbonate content or that are
amended with phosphate treatments (Basta, 2013; Mitchell et al., 2014; Ryan et al., 2004; Zia et
al., 2011). Ryan et al. (2004) documented a greater decrease in bioaccessibility of Pb in phosphate
amended soils when the soils were extracted at pH 2.5, compared with pH 1.5 (the effect of total
phosphate on bioaccessibility was insignificant when evaluated at pH 1.5). Chaney et al. (2011)
measured Pb bioaccessibility on the same soils as Ryan et al. (2004) and found a lower Pb
bioaccessibility if an extraction fluid at pH 2.5 was used. Obrycki et al. (2016) found a good
correlation between Pb extractability and the formation of Pb-phosphate mineral when a pH 2.5
solution without glycine was used, but not when pH 1.5 or when glycine was used.
The benefits of urban produce gardening (source of nutritious food, reduced grocery bills,
personal and community aesthetics, etc.) have led to more people being engaged in such activities
(Campbell, 2017). There is great concern about exposure of these gardeners to heavy metals, but
very few studies have addressed levels of bioaccessible metals in the soils that urban residents
actually use. In this study, we used a diverse group of soil samples from home and community
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gardens in New York City to evaluate the variability of Pb bioaccessibility in urban soils, the
ability of extractants of different pH to assess Pb bioaccessibility, and how bioaccessibility varies
with phosphate and other soil chemical parameters. To our knowledge, there has not been a study
where the bioaccessibility of Pb for a large number of urban soil samples were evaluated. Our
specific objectives were to (1) assess the variability of bioaccessible Pb for a large number of urban
garden soil samples using EPA method 1340 with the extractant solution at either pH 1.5 or 2.5;
(2) examine the effects of phosphate, organics, pH, and other soil chemical variables on the
bioaccessibility of Pb; and (3) evaluate the exposure risk to Pb in gardens based on the
bioaccessibility data. The study produced novel comparisons of extractant pH and more
fundamentally produced data on bioaccessible Pb to a diverse group of urban garden soils from
many different sites. The results increase our understanding of soil metal dynamics and provide
information useful to promoting the benefits of urban gardening while reducing risks of Pb
exposure.

3.2 Materials and methods
3.2.1 Soil sampling
Forty nine urban garden soil samples were selected from an urban soil sample repository
composed of nearly 3000 soil samples submitted to the Brooklyn College Environmental Sciences
Analytical Center from home and community gardens since 2009. Originally, 21 pairs of samples
(each pair came from the same residence) were selected with the assumption that soil from growing
area would have been amended with phosphate while soil from non-growing area would not.
However, there was no statistically significant difference in phosphate content between the two
groups of samples and thus all 42 samples were analyzed as one group, with an additional seven
samples to increase the sample size later.
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The soil samples were collected by gardeners from the surface down to 25-30 cm depth.
The samples chosen for this study were characterized for total organic content (TOC) (loss on
ignition at 550 °C), total and extractable (with glycine) Pb, P, Ca, Mn, Fe, and soil pH (in water,
1:1 by volume). Particle size fractions of <250 μm were utilized as this is the soil fraction that
adheres to the hand of small children and is recommended by EPA (U.S. EPA, 2000).
Recent EPA guidance (OLEM Directive 9200.1-128, July 2016) recommends a particle
size fraction < 150 μm to better represent the particle size fraction that adheres to a child’s hand.
However, Karna et al. (2017b) studied Pb and As bioaccessibility as a function of soil particle size
and while extractable Pb and As increased as a function of decreasing particle size, the percent
bioaccessible Pb/As to total Pb/As remained constant. This study was conducted prior to the new
SW-846 Update VI as of February 2017 (U.S. EPA, 2017). Small particles have larger surface area
that facilitates adsorption of metals (Cheng et al., 2015; Wang et al., 2006).

3.2.2 Total and bioaccessible metal concentrations
For total metal concentrations, soil samples were digested using a microwave oven assisted
digestion method following EPA Method 3052 (U.S. EPA, 1996a). The digested samples were
analyzed with a Perkin Elmer DRCe Inductively Coupled Plasma Mass Spectrometer (ICP-MS)
for Pb, P, Ca, Mn and Fe following EPA Method 6020 (U.S. EPA, 1998b). External soil standard
reference materials SRM-2586 (Pb=432 mg kg−1), SRM-2587 (Pb=3242 mg kg−1) and SRM-2710a
(Pb=5520 mg kg−1), obtained from the National Institute of Standards and Technology, were used
for quality control.
Bioaccessible Pb was quantified following the standard US EPA Method 1340: In Vitro
Bioaccessibility Assay for Lead in Soil (USEPA, 2013). This method involves extraction with 0.4M glycine solution at pH 1.5, which was developed to simulate relative bioavailability (USEPA,
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2013). In this study, samples were extracted at both pH 1.5 and pH 2.5 with the same relative
bioavailable (RBA) protocol (Drexler and Brattin, 2007). Standard Reference Material 2710a was
used as the external standard for bioaccessible Pb and was included in each extraction batch
(USEPA, 2013). Each extraction batch consisted of 20 samples. Bottle blank, blank spike and
matrix spike samples were included in each batch along with two replicates for quality control.
Extracts were analyzed by ICP-MS for Pb, P, Ca, Mn and Fe.
The extraction efficiency of Pb from the NIST SRM 2710a soil standard was 65% at pH
1.5 and 56% at pH 2.5. These results are comparable to the 67.5% obtained in a Round Robin
study conducted in several laboratories (USEPA, 2012). According to the National Institute of
Standards and Technology (2010), the acceptable range for Pb extractability from this standard is
between 60.7-74.2%.

3.2.3 Calculations of relative bioavailable (RBA) Pb
To compare site-specific metal bioavailability data from garden soils to calculated relative
bioavailability estimates that are used when developing soil screening levels (SSLs) or conducting
risk assessments at metal contaminated sites, in vitro bioaccessibility (IVBA) values measured at
pH 1.5 of the extractant solution were converted to RBA predictions using validated linear models
for Pb. Specifically, Pb RBA was calculated based on USEPA Method 1340 (US EPA, 2013) using
the following equation: Pb RBA (fraction) = 0.878 x Pb IVBA (fraction) – 0.028 (Drexler and
Brattin, 2007).

3.2.4 Data processing
Statistical analyses were performed with the R 3.0.3 software. To examine relationships
between chemical soil variables (extractable and total Pb, Mn, Fe, Ca, P concentrations, pH and

26

total organic content) at different extractant pH (1.5 and 2.5), principal component analysis (PCA)
was applied using the “ade4” package (Venables and Ripley, 2002). The correlation between
bioaccessible Pb and chemical soil variables was tested with the General Linear Model. Soil
chemical variables were considered to have an effect on the bioaccessibility of Pb when the
probability value was < 0.05.

3.3 Results
3.3.1 Soil Characteristics
Selected chemical properties of the studied soils are shown in Table 3.1. Total Pb
concentrations ranged from 48 to 4633 mg kg−1. Total P and organic content varied between 681
and 11873 mg kg−1 (i.e., 0.07-1.2%), and 2% and 27%, respectively. Soil pH ranged from acidic
(4.6) to alkaline (8.7).

Table 3.1. Selected chemical properties of the studied soils (n=49).
Chemical parameters

Min

Max

Median

Total Pb, mg kg-1

48

4633

843

Total P, mg kg-1

681

11873

1880

Total Ca, %

0.17

7.5

0.93

Total Fe, %

1.67

3.86

2.8

Total Mn, mg kg-1

271

2395

549

TOC, %

2

27

11

pH

4.6

8.7

6

3.3.2 Bioaccessible Pb with the US EPA Method 1340 at pH 1.5 and 2.5
Lead bioaccessibility among the 49 samples was highly variable: 14-86% with EPA
Method 1340 at pH 1.5, and 14-73% with the modified method at pH 2.5. Overall, significantly (p
< 0.05) more (61±13%) Pb was extractable at pH 1.5 than at pH 2.5 (34±12%) (Fig. 3.1a). No
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correlations between percent bioaccessible Pb and total Pb were observed. Bioaccessible Pb at pH
1.5 correlated with bioaccessible Pb at pH 2.5 with R2 = 0.84 (p < 0.001) (Fig. 3.1b).

Bioaccessible Pb (%)

A

Total Pb (mg kg-1)

Bioaccessible Pb_2.5 = -22.6 + (0.5 * Bioaccessible Pb_1.5)
R 2 = 0.84, p < 0.001

B

Bioaccessible Pb_2.5

3000

2000

1000

0
0

1000

2000

3000

Bioaccessible
BioaccessiblePb_1.5
Pb_1.5
Figure 3.1. a) Bioaccessibility of Pb in percentage measured with EPA method 1340 with different
extractant pH (1.5 or 2.5, by order). Horizontal lines represent mean Pb bioaccessibility (60% at
pH 1.5 and 35% at pH 2.5); b) Correlation between bioaccessible Pb (mg kg-1) at pH 1.5 and 2.5
with R2 = 0.84 (p < 0.001).
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3.3.3 Correlations between bioaccessible Pb and soil chemical properties
General linear regressions between soil chemical variables and Pb bioaccessibility (%)
showed a statistically significant positive relationship between bioaccessible Pb and total Pb with
R2 = 0.86 and R2 = 0.70 (p < 0.001) at pH 1.5 and 2.5, respectively (Table 3.2). Percent
bioaccessible Pb was correlated with bioaccessible Pb at both pH levels with p < 0.05. Total P and
total Mn concentrations were negatively correlated with Pb bioaccessibility but only at pH 2.5 (p
= 0.03), while a strong negative (p = 0.003) correlation between TOC and bioaccessible Pb was
shown at pH 1.5. Bioaccessible Pb positively correlated with extractable and total Fe (p < 0.05 and
0.001, respectively) and total Mn (p < 0.002) at pH 1.5. Total Fe positively correlated with
bioaccessible Pb at pH 2.5 (p = 0.01).

Table 3.2. General linear model testing the relationships among the different indicators of chemical
properties and percent bioaccessible Pb or bioaccessible Pb (mg kg-1) (n = 49). Significance codes:
* - p ≤ 0.05, ** - p ≤ 0.01, *** - p ≤ 0.001, ns: p > 0.05, ↑ or ↓: the response variable is significantly
increased or decreased when p < 0.05.
Bioaccessible Pb (mg kg-1)
Chemical
% Bioaccessible Pb
characteristics

p value at pH 1.5 p value at pH 2.5 p value at pH 1.5 p value at pH 2.5

Total Pb

0.30 ns

0.74 ns

0.001**↑

<0.001***↑

Bioaccessible Pb

0.02*↑

0.03*↑

-

-

Extractable P

0.88 ns

0.89 ns

0.65 ns

0.82 ns

Total P

0.98 ns

0.01*↓

0.14 ns

0.08 ns

Extractable Ca

0.99 ns

0.81 ns

0.93 ns

0.94 ns

Total Ca

0.96 ns

0.38 ns

0.78 ns

0.78 ns

Extractable Fe

0.95 ns

0.99 ns

<0.05*↑

0.95 ns

Total Fe

0.77 ns

0.17 ns

0.001**↑

0.01*↑

Extractable Mn

0.98 ns

0.51 ns

0.18 ns

0.57 ns

Total Mn

0.48 ns

0.03*↓

0.002**↑

0.24 ns

0.003**↓

0.11ns

0.38 ns

0.78 ns

0.55 ns

0.12 ns

0.38 ns

0.37 ns

TOC
pH
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3.3.4 Principal component analyses (PCA)
Because the bioaccessibility of Pb could be influenced by multiple factors, PCA analysis
was used to assess the relative importance of each of these factors. The PCA was able to explain
54% and 65% of the total variance in bioaccessible Pb at pH 1.5 and 2.5 respectively (Fig. 3.2a
and 3.2b) based on extractable Pb, Ca, Fe, Mn, P, TOC, and pH. The PCA explained 53% and 47%
of the total variance in bioaccessible Pb at pH 1.5 and 2.5 respectively (Fig. 3.2a and 3.2b) with
total (not extractable) Pb, Ca, Fe, Mn, TOC, and pH. There was a positive correlation between
bioaccessible Pb (%) and extractable Pb and soil pH at both pH levels (Fig. 3.2a and 3.2 b). At pH
1.5, bioaccessible Pb (%) also positively correlated with extractable Ca. There was a negative
relationship between bioaccessible Pb (%) and TOC at both pH values. Extractable Pb was
positively correlated with extractable Ca, Fe, Mn, P and pH at pH 1.5, no such correlation was
observed at pH 2.5. At pH 1.5, several variables (e.g., total Fe, Pb, and Mn) showed significant
relationships with bioaccessible Pb (%) and there was no consistent relationship between percent
bioaccessible and total P concentration (Fig. 3.2c). A strong negative relationship between
bioaccessible Pb (%) and total Ca and soil pH was observed at pH 1.5. Fig. 3.2d shows a negative
relationship between percent bioaccessible Pb and total Pb, Fe, Mn, and TOC, but a positive
correlation with soil pH at pH 2.5. (Fig. 3.2d).

3.3.5 Relative bioavailable Pb
Total Pb in the 49 samples analyzed ranged between 48 and 4633 ppm, with RBA varying
between 12 and 87 % (median - 53%). Of the gardens studied, 27% showed high-risk level from
the potential Pb exposure, with total soil Pb > 400 ppm and RBA > 60% and 2% of the gardens
showed medium risk level from potential Pb exposure, with total Pb between 100 and 400 ppm
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a)

and RBA > 60% (SSL adapted from U.S. EPA, 2014, 1998a). Finally, 71% of gardens were found
to be at low risk with total Pb < 100 pm or RBA <60%.
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Figure 3.2. Correlation circles PCA (a, b) showing correlations for percent bioaccessible lead (Pb
%), extractable calcium (ext_Ca), extractable iron (ext_Fe), extractable manganese (ext_Mn),
extractable phosphorus (ext_P), total organic content (TOC), and pH for pH 1.5 (a) and pH 2.5 (b).
The two axes (X1, X2) explain 35%, 19% of the total variance at pH 1.5 and 48%, 17% at pH 2.5.
Correlation circles PCA (c, d) showing correlations for percent bioaccessible lead (Pb %), total
lead (total_Pb), total calcium (total_Ca), total iron (total_Fe), total manganese (total_Mn), total
phosphorus (total_P), total organic content (TOC), and pH for pH 1.5 (c) and pH 2.5 (d). The two
axes (X1, X2) explain 28%, 25% of the total variance at pH 1.5 and 31%, 26% at pH 2.5,
respectively.
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3.4 Discussion
3.4.1 Lead bioaccessibility and availability of P in urban soils
Urban soils are known to be very spatially heterogeneous in parent material, biological,
chemical, and physical properties (Pouyat et al., 2010). Our results also showed high variability in
the bioaccessibility of Pb regardless of the extraction method used. Some soil samples were taken
from the same property but at different locations suggesting that the heterogeneities operate at a
very local (residential parcel) scale.
Many factors likely contribute to the variability in Pb bioaccessibility. It has been well
documented that soil amendments can help reduce the mobility of Pb in soil (Attanayake et al.,
2015; Brown et al., 2003; Ryan et al., 2001). Our results showed the relationship between P content
and Pb bioaccessibility depended on the pH of the extractant solution used. Using an extractant of
pH 2.5, there was a significant negative relationship between bioaccessible Pb and soil total P, but
at pH 1.5 there was no significant correlation between bioaccessible Pb and total P. The results at
pH 2.5 are consistent with many previous studies (Defoe et al., 2014; Henry et al., 2015;
Hettiarachchi et al., 2003; Ma et al., 1995; Melamed et al., 2003; Zhang and Ryan, 1999) that
found a significant reduction in bioavailable Pb upon the addition of phosphate. This is because
phosphate can combine with Pb to form more stable forms of minerals such as pyromorphite
(Hettiarachchi et al., 2001; Scheckel et al., 2013).
Our results are consistent with those of Basta (2013), who found that soil P amendments
were not effective in reducing Pb bioaccessibility in two urban soils as measured with the In Vitro
Bioaccessibility Assay (IVBA) with glycine solution at pH 1.5 while reductions in IVBA Pb were
found when using a glycine extraction at pH 2.5. A significant negative linear relationship between
reduction in bioaccessible Pb and Pb-phosphate formation was also found by Obrycki et al. (2016)
who used a pH 2.5 extraction without glycine. The difference in Pb extractability at pH 1.5 and
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2.5 for phosphate-amended soils may be explained by the pKa values for phosphate (2.12). At pH
2.12 or lower phosphate mainly exists as H3PO4 (phosphoric acid), while above this pH, phosphate
is present as H2PO4−1 (di-hydrogen phosphate ion), which is a product of phosphoric acid due to
acid dissociation. Thus, a minor change in extraction pH has a significant effect on phosphate
chemistry and assessments of the ability of phosphates to reduce bioaccessible Pb (Henry et al.,
2015).
Several studies have shown that Pb sorbed onto clay minerals and oxides combines with
phosphate to form pyromorphite (Zhang and Ryan, 1999; Hettiarachchi et al., 2003; Scheckel et
al., 2013; Defoe et al., 2014). Zwonitzer et al. (2003) demonstrated that a 4:1 P:Pb ratio in soils
was more effective than a 2:1 ratio at reducing Pb bioavailability. We examined relationships
between both total and extractable P and total Pb (Fig. 3.3) and found significant differences in
these relationships, with a stronger negative relationship between total P and total Pb than between
extractable P and total Pb. Both relationships were negative (log transformed) with high variability,
especially at lower ratios of P:Pb (<20). These results suggest that a 4:1 ratio may not be a
sufficiently safe P:Pb ratio for soils in urban gardens.
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Figure 3.3. Negative relationship between the total (A, C) and extractable (B, D) P:Pbmolar ratio
and bioaccessible Pb extracted with a glycine solution at pH 1.5 (A, B) (R2 =0.85, R2 =0.55, P >
0.0001, respectively) and pH 2.5 (C, D) (R2 = 0.73, R2 = 0.63, P > 0.0001, respectively).
Porter et al. (2004) argued that the ideal molar ratio of Pb:P in pyromorphite structure is
5:3. However, higher concentrations of P are likely required in soils as other mineral surfaces can
react with P and limit its availability to react with Pb. Assuming that the typical urban soil has Pb
of 400 mg kg-1 and P at 500 mg kg-1, the P:Pb molar ratio will be about 9:1. Our results in Fig. 3.3
suggest that concentrations of 1000 mg kg−1 of P (or a minimum P:Pb ratio of 20:1) are needed to
ensure that the bioaccessibility of Pb is at an acceptable level. Scheckel et al. (2013) suggested that
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the P concentration needed to fully convert Pb to pyromorphite needs to be as high as 50,000 mg
kg-1, which is rarely found. The lack of complete conversion of soil Pb to pyromorphite can be due
to high retention of soil Pb that limits the reaction with phosphate. Phosphate availability from the
amendment can be limited by phosphate solubility, reaction of available phosphate with other soil
components (i.e. organic matter or oxides), poor characterization of the soil matrix before
phosphate amendment, inappropriate soil pH resulting in limitation of Pb release and combination
with phosphate to form pyromorphite, high content of organic matter that slows pyromorphite
formation, and non-optimal (too dry or too wet) soil moisture content. Physical and chemical
interactions between Pb and phosphates during in vitro testing can impact bioaccessibility test
results, but more research is required to identify the exact mechanisms of these impacts
(Attanayake et al., 2014; Brown et al., 2003; Minca et al., 2013; Reis et al., 2014; Rodriguez et al.,
2003; Scheckel et al., 2013).

3.4.2 Bioaccessibility of Pb in urban soils and the roles of carbonates, organic content, and
Fe/Mn
Our results showed correlations between percent extractable Pb and Fe, Mn, Ca and soil
reaction that varied with extractant pH level. There was a negative correlation between
bioaccessible Pb (%) and total Ca and soil pH at pH 1.5 (Fig. 3.2c) and a negative correlation with
total Fe, Mn, Pb, P at pH 2.5 (Fig. 3.2d), but only correlations with total Mn and P were significant
(Table 3.2). Previous studies have found stronger relationships than we did. Attanayake et al.
(2015) demonstrated that the aging of compost can help stabilize Pb with organics and Fe/Mn
oxides, thus reducing Pb bioaccessibility. Krauskopf (1956) suggested Fe oxides, Mn oxides,
apatite, clay with high cation exchange capacity, dried plankton, and peat moss as possible
adsorbents for Pb. The readily exchangeable fraction of Pb, also known as the non-specifically
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adsorbed fraction, can be released by exchange with cations such as K+, Ca+, Mg+2, and NH4+ that
displace metals weakly bound on organic and inorganic cation exchange sites (Rao et al., 2008).
The lack of relationships that we observed may be due to the high heterogeneity of urban soils
(Pouyat et al., 2010) and the low levels of clay and extractable Fe (4% at pH 1.5 and 1% at pH 2.5)
in our samples. Brown et al (2003) found that addition of high Fe compost decreased the
bioaccessibility of Pb in soils by 43% using in vitro methods. X-ray absorption data on two
different urban sites showed that most Pb was either adsorbed to Fe oxides or complexed with
humic acids (Defoe et al., 2014; Attanayake et al., 2015). Koch et al. (2013) found a mean Fe
bioaccessibility in NIST SRM 2710 of 5.4% (range 0.85 – 11%) based on 15 gastric phase methods
performed in commercial laboratories. The low percentage of Fe released into the liquid phase
suggests that the majority of Fe in the soil is not in the easily reducible amorphous state.
Similar to Fe, high levels of total Mn have been associated with decreases in percent
extractable Pb (Koch et al., 2013). In our study, mean percent extractable Mn was 31% at pH 1.5
and 25% at pH 2.5. Koch et al. (2013) measured mean percent extractability of Mn in NIST SRM2710 soil of 24% (range 12-41%) based on 15 gastric phase methods performed in commercial
laboratories, which is similar to our results. Both Fe and Mn are common in soils; however, their
extractability has not been studied extensively. Iron and Mn are commonly present in oxide phases
and the efficiency of extractions of these metals will vary with the pH of the extracting solution,
which affects dissolution of these oxides. These dynamics likely control the release of metals such
as Pb associated with the oxides (Hettiarachchi et al., 2003).
Consistent with our results, Koch et al. (2013) also found negative correlations between
pH and percent extractability for Pb, Mn, and Fe in NIST SRM-2710. Carbonate-bound metals
can be mobilized under low pH conditions, and metals associated with the Fe and Mn oxide phases
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will be released into soil solution in reducing or low pH environments (Cheng et al., 2011). At
higher pH, the bioavailability of heavy metals decreases. Most of our study samples had low total
Mn concentration (<600 mg kg−1), suggesting a potential for Mn addition as an amendment to
reduce Pb bioaccessibility. Manganese oxides serve as retaining matrices for both Pb and P, thus,
their occurrence may have synergistic effects on the formation of insoluble pyromorphite, a stable
Pb phosphate mineral (Hettiarachchi et al., 2000). The EPA residential Preliminary Remediation
Goal (R-PRG) for Mn is 1800 mg kg−1 (U.S. EPA, 2000). The low levels of Fe in our soils
(discussed above) suggest that Fe amendments could also help stabilize Pb in our urban soils
(Brown et al., 2012; Hettiarachchi et al., 2000; Hettiarachchi and Pierzynski, 2002).
We observed a significant negative correlation between percent bioaccessible Pb and TOC
at extractant pH 1.5 (Table 3.2). Organic matter (e.g. composts, bark saw dust, xylogen, bagasse,
poultry manure, and biosolids) forms strong complexes with toxic metals such as Pb and cadmium,
and limits availability to plant roots (Attanayake et al., 2015, 2014; Brown et al., 2012; Cheng et
al., 2011; Paltseva et al., 2018a). Organic matter additions can also dilute metal concentrations and
further decrease potential for plant uptake.
Lead in urban soils can also be associated with carbonates (Cheng et al., 2011). In urban
soils, concrete debris with high carbonate contents may thus be a significant sink for Pb (Cheng et
al., 2011; Henry et al., 2015). If Pb is not associated with phosphate or organic matter, its release
may be more highly correlated with carbonate dissolution. At pH 1.5 (Fig. 3.2 b), extractable Ca
was positively correlated with bioaccessible Pb. Linear correlations between bioaccessible Pb and
total Ca were similar at pH 1.5 and 2.5 suggesting that either pH can be appropriate for assessing
Ca effects on Pb bioaccessibility in urban soils.
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3.4.3 Risk exposure assessment
Of the gardens studied, more than 25% showed high-risk level from the potential Pb
exposure. However, as Chaney et al. (1984) have pointed out: “after Pb is ingested, it can only
produce health effects if it is absorbed. A major aspect of childhood Pb poisoning is that 50%
ingested Pb is absorbed by susceptible children. In contrast, adults usually absorb less than 5% of
dietary Pb, but can absorb a higher percentage if Fe deficient. Thus both dietary factors and Pbsource factors may affect whether a particular level of ingested Pb is of health significance.”
The ability to provide fast and inexpensive estimates of the bioaccessibility of Pb on a yardby-yard basis is thus crucial for the development of remedial practices for contaminated sites
(Drexler and Brattin, 2007). The U.S. EPA has established 400 ppm as the human health SSL for
total Pb based on the direct soil ingestion exposure pathway, assuming a default RBA of 60% (U.S.
EPA, 2014, 1998a). Residential areas with soil Pb concentrations below 400 ppm may require no
additional action. However, some actions may be needed in gardens containing soil Pb
concentrations below 400 ppm to reduce the potential for increased Pb exposure (U.S. EPA, 2014).
According to recommended guidelines regarding gardening, soil Pb levels under 100 ppm are
considered low risk, with no additional action needed (U.S. EPA, 2014). Most of the studied
samples (71%) were found to be at the low risk. Other gardens require some remediation (e.g. dust
control, mulch, additions of compost or phosphate fertilizers). Nevertheless, the remaining highrisk samples require urgent remediation such as covering the soil to reduce exposure risk (Mitchell
et al., 2014), or providing recommendations for species of plants that has lower potential to absorb
Pb (Paltseva et al., 2018). Our study showed that even though phosphate and compost amendments
reduced the bioaccessibility of Pb, this decrease was often not adequate to reduce exposure risk
significantly. In other words, adding compost or phosphate amendments could not be the
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determined solution to mitigate Pb contamination. Recently, Paltseva et al. (2018) indicated the
importance of combining several soil remediation practices to decrease contamination risk.

3.5 Conclusion
There is a critical need among researchers, urban developers and the general public for
assessing the bioaccessibility of Pb in urban garden soils. This is important not only for the
accurate prediction of health risks, but also for the assessment of soil remediation efforts with
amendments. This need is difficult to fulfill without a complete understanding of the variability
and what governs bioavailable Pb in highly heterogeneous urban soils. Phosphate-containing and
organic amendments can reduce the bioaccessibility of Pb. Soil pH and mineral composition may
also influence Pb bioaccessibility. However, our results from a diverse group of urban garden soils
highlight the complexity of the factors controlling Pb bioaccessibility and the health risks to
gardeners. There is a clear need for fast and inexpensive estimates of the bioaccessibility of Pb on
a yard-by-yard basis to better assess and control these risks.
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Chapter 4. Accumulation of Arsenic and Lead in Garden-Grown Vegetables: Factors and
Mitigation Strategies
Paltseva, A., Cheng, Z., Deeb, M., Groffman, P. M., Shaw, R. K., & Maddaloni, M. (2018).
Accumulation of arsenic and lead in garden-grown vegetables: Factors and mitigation strategies.
Science of the Total Environment, 640–641, 273–283. doi:10.1016/j.scitotenv.2018.05.296.

4.1 Introduction
The contamination of soils by Pb and As that began in the late 1800s persists today
(Schooley et al., 2008) because Pb is quite immobile and As is only very slowly leached through
soils (Hood, 2006; Verneman et al., 1983). As contaminated lands are converted for residential
and farming uses, the potential risk to human health is increased through direct or indirect exposure
pathways arising from gardening and further transfer through the food chain (Cheng et al., 2015;
McBride, 2013).
Organic and inorganic amendments have been used to reduce metal mobility and toxicity
in soils. These amendments can transfer soil metals to more geochemically stable phases via
sorption, precipitation, and complexation processes (Hashimoto et al., 2009). The most commonly
applied amendments include clay, cement, zeolites, phosphates, and composts (Finžgar et al.,
2006; Wuana and Okieimen, 2011; Zhang et al., 2010). Adding amendments is much less
expensive than excavation and removal of soils (Scheckel et al., 2013; U.S. EPA, 2011, 2013).
Phosphate-bearing amendments appear to be the most effective for reducing Pb
availability. Phosphate amendment stimulates de novo formation of pyromorphite minerals
[(Pb5(PO4)3X where x=halide or hydroxide] (Ruby et al., 1994) that are insoluble (Ma et al., 1995;
Ryan et al., 2001; Scheckel et al., 2013; Zhang and Ryan, 1999). While studies have demonstrated
the Pb stabilizing potential of phosphate amendments, the magnitude of the effect remains
incompletely characterized for different types of soils and for different types of phosphate-bearing
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amendments. The ability of these amendments to reduce Pb uptake by plants is also incompletely
understood (Codling et al., 2015; Lim and McBride, 2015; McBride, 2013; Mcbride et al., 2014,
2015).
While phosphate has been shown to immobilize Pb, it can also mobilize As, a known
human carcinogen. Added phosphate increases the solubility of soil As through competitive anion
exchange (Peryea, 1991) causing it to migrate downward in the soil profile to groundwater, or
increasing its availability for plant uptake (Cao et al., 2003; Creger and Peryea, 1994; Peryea and
Kammereck, 1997; Wang et al., 2002; Zhao et al., 2009). There is uncertainty regarding the extent
to which As can be mobilized by phosphates in different types of soils with different types of
amendments, and how they affect As uptake by different types of plants (Lim and McBride, 2015;
Scheckel et al., 2013).
Some researchers suggest that constant addition of organic matter in large amounts dilutes
total Pb concentrations in soils and would thus be beneficial (Attanayake et al., 2015, 2014; Brown
et al., 2012; Defoe et al., 2014). However, McBride et al. (2015) found that vegetable Pb and As
concentrations were strongly correlated with soil total Pb and As but not to soil organic matter
content or compost addition level.
Iron (Fe) and manganese (Mn) are essential elements for plant growth that also have
potential effects on Pb and As dynamics. McKenzie (1980) found that adsorption of Pb on Mn and
Fe oxides surfaces increased with pH and surface area resulting in the formation of Pb-metal solids.
Adsorption and co-precipitation can help maintain low soluble Pb levels in soil solutions
(Hettiarachchi and Pierzynski, 2004). Sorption of As onto Fe and Al oxides also decreases As
solubilization. Simultaneous addition of P and cryptomelane (Mn oxide) was more efficient in
decreasing bioavailable Pb than the addition of phosphate amendment alone, and more
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pyromorphite-like minerals are produced (Hettiarachchi et al., 2000; Hettiarachchi and Pierzynski,
2002).
In addition to soil factors, metal absorption varies among different types of plants (Karami
et al., 2011). Uptake and translocation of As from roots to shoots has been found to vary widely,
with some Brassicaceae having particularly high uptake potential (Raab et al., 2007). McBride et
al. (2015) ranked the uptake potential of Pb and As by crop: carrot ≥ lettuce > bean > tomato and
lettuce > carrot > bean > tomato, respectively. They also suggested that compost additions reduced
both Pb and As concentrations in leafy vegetables.
This field study aimed to improve understanding of the relationship between Pb and As
concentrations in garden produce and in farm soils, with consideration of the effects of phosphatebearing and Fe/Mn amendments. The specific goals were (1) to quantify the degree of As
mobilization and Pb stabilization due to addition of varying combinations of phosphates, compost,
raised bed soil, and Fe and Mn amendments; and (2) to evaluate factors that determine or affect
Pb and As levels in vegetable tissue. The research was carried out on suburban land that had
historically been treated with pesticides containing both Pb and As, raising important questions
about the use of phosphate amendments that stabilize Pb, but potentially mobilize As. Novel
aspects of our research include: 1) a wide range of different amendments and different plant types
were evaluated; 2) extractable (phytoavailable) concentrations were compared to total soil and
vegetable metal concentrations; and 3) the studied contaminated suburban areas have been
overlooked in previous research that has focused more on agricultural and urban soils.
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4.2 Materials and methods
4.2.1 Experimental setup
This study was conducted at Duke Farm (40.5444° N, 74.6240° W) in New Jersey, USA.
This site has elevated soil Pb and As concentrations and high correlation between soil Pb and As
(R2 = 0.83, P < 0.001), suggesting a single source of contamination (Muñiz, 2013). This
contamination likely originated from past application of lead arsenate pesticide to control gypsy
moth in 1920’s (http://entomology.rutgers.edu/history/gypsy-moth.html).
This study examined the effects of bone meal, triple super phosphate (TSP), raised bed soil
and compost with or without Fe and Mn amendments (Figure S1) on Pb stabilization and As
mobilization. There were twenty five 1.48 m2 plots including five replicate plots of each of the
following treatments: control, bone meal (Greenway Biotech Inc. 3-15-0, Ca-24%, derived from
cooked bone meal; 14 USD per bag of 5 pounds (2.27 kg)), TSP (Hoffman, 0-46-0, derived from
triple superphosphate; 15.50 USD per bag of 5 pounds (2.27 kg)), manure compost (Nature’s Care
Really Good CompostTM; 5 USD per bag of 1 cu. ft. (28.3 liters)), and raised bed soil (Nature’s
Care® Organic Raised Bed Soil 0.12-0.06-0.09, derived from poultry litter; 32 USD per bag of 1.5
cu. ft. (42.4 liters)). Iron was added to one set of replicates, MnSO4 was added to a second set of
replicates and both Fe and MnSO4 were added to a third set of replicates. Iron was supplied as Dr.
Iron (Monterey, 22% Iron, non-staining, OMRI listed, 55% Sulfur, derived from elemental sulfur
and iron oxide, phosphorus-free; 30 USD per bag of 40 pounds (18.1 kg)) and Mn was supplied as
manganese sulfate monohydrate (MnSO4*H2O, 32% Mn; 35 USD per bag of 22 pounds (10 kg)).
This design allowed for statistical evaluation (5 replicates) of the bone meal, TSP, manure compost
and raised bed soil treatments and for evaluation (5 replicates) of Fe, Mn and Fe plus Mn
amendments. At the beginning of this study, three samples from Duke Farm were collected and
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measured for soil total Pb and As. For the specific area where the experimental plots were situated,
the final concentrations of soil total Pb and As for each plot was measured at the end of the season.
Each sample was a composite from 10 different spots, and the soil mass mixed in a bucket for
homogeneity prior to subsampling for lab analysis.
In April 2015 each of the phosphate-bearing amendments was applied at single rate (bone
meal was added at 301 g/plot or 1.9 t ha-1), TSP - 98 g/plot or 0.6 t ha-1), while Fe and Mn were
both applied to reach 2500 mg kg-1 (i.e., Fe – 3253 g/plot or 20 t ha-1, Mn – 1938 g/plot or 6 t ha1

). The applied rate was similar to that used in other research (Hettiarachchi et al., 2000). To

calculate application rates for P-bearing amendments, a 5:3 ratio for P:Pb was used, following
Porter et al. (2004) who argued that this was the ideal molar ratio of P:Pb based on pyromorphite
structure (Porter et al., 2004). Compost and raised bed soil were mixed into the soil in situ at a 3:1
(Vsoil:Vcompost) ratio. The depth of tillage was 15 cm.
Six types of produce commonly found in urban gardens were established in the test plots
in May 2015. Lettuce (Green Salad Bowl), carrots (Danvers Half long), and radishes (Early Scarlet
Globe) were seeded directly while tomato (Roma) seedlings were transplanted. Eggplant and
spinach were also seeded but didn’t survive because of insect infestation. The edible portions of
all crops were harvested at maturity appropriate for fresh consumption. Radishes were collected
38 days after planting, tomatoes at 70, 94, and 100 days, lettuce at 70 days, and carrots at 100 and
130 days.
In order to obtain representative samples and mitigate the effects of genetic variability
among plants, edible parts of the same vegetable type within each plot were pooled and analyzed
as one sample. Soil was rubbed off the carrots and all four types of produce were washed three
times under running tap water. Triplicate washing was performed to remove soil particles and to
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mimic practical washing procedures that gardeners could employ at home. Crops were dried in
open plastic bags on a clean laminar flow bench. Samples were then cut into small pieces,
thoroughly mixed and stored in plastic bags in a freezer, if not digested within a week.

4.2.2 Soil, extractable and plant Pb and As concentrations
Soils were characterized for particle size, total organic content (TOC) by loss on ignition
at 550 °C, soil pH in water at 1:1 (Vsoil:Vwater), and salts at 1:2 (Vsoil:Vwater). Particle size fractions
of <250 μm were utilized for total heavy metal digestion as this is the soil fraction that sticks to
the hands of small children and is recommended by EPA (U.S. EPA, 2000). However, recent EPA
guidance (U.S. EPA, 2016) recommends a particle size fraction < 150 μm to better represent the
particle size fraction that adheres to a child’s hand. This study was conducted prior to the new
update.
For total soil metals and As concentrations, soil samples were digested using a microwave
oven assisted digestion method following EPA Method 3051a (U.S. EPA, 2007c). The digested
samples were analyzed with a Perkin Elmer DRCe Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) for Pb, As, P, Ca, Mn and Fe. External soil reference standards SRM2586 (Pb = 432 mg kg−1, As = 8.7 mg kg−) and SRM-2587 (Pb = 3242 mg kg−1, As = 13.7 mg
kg−), obtained from the National Institute of Standards and Technology, were used for external
quality control.
Extractable concentrations of Pb and As in the fresh soil samples were measured following
the modified Morgan extraction method (McIntosh, 1969) where soil was extracted with sodium
ammonium acetate buffered at pH 4.8 in a 1:5 soil to extraction solution ratio for 15 minutes on a
shaker. The extract was centrifuged and the filtered extract was analyzed by ICP-MS.
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All vegetable sample analyses were performed on a fresh weight basis to facilitate
comparison with guidance values based on European Union (EU) food standards (European
Commission, 2006). Fresh, air-dried plant tissue samples were digested using a microwave oven
digestion method following the standard EPA Method 3052 (U.S. EPA, 1996a). For each vegetable
sample, 3 replicates were digested and analyzed to examine variability among sub-samples and
consistency of the results. The digested samples were analyzed with a Perkin Elmer DRCe
Inductively Coupled Plasma Mass Spectrometer. External plant tissue standards SRM1568a: rice
flour (As = 0.29 mg kg−1, Pb = 0.008 mg kg−1) and SRM1515: apple leaves (As = 0.038 mg kg−1,
Pb = 0.47 mg kg−1) were used for external quality control.

4.2.3 Data analysis
The data sets in these field experiments were composed of 13 dependent variables (soil
extractable concentrations of Pb and As, vegetable Pb, As and Al concentrations, soil total Pb, P,
As and Al concentrations, TOC, biomass, pH and salts) and 4 categorical independent variables:
i) Plant type (carrot, lettuce, radish and tomato; 3 replicates of each vegetable for each
plot).
ii) Fertility amendment (control, bone meal, TSP, manure compost, and raised bed soil; 5
plots for each amendment ×5 replicates).
iii) Fe amendment (5 plots with Fe, 5 plots with both Fe and Mn, 15 plots with no Fe or
Mn amendment).
iv) Mn amendment (5 plots with Mn, 5 plots with both Fe and Mn, 15 plots with no Fe or
Mn amendment).
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Some of the plants died when the Mn amendment was added (due to toxicity) and this
decreased the number of plant replicates from 75 to 49, 46, 63 and 64 plants of carrot, lettuce,
radish and tomato, respectively. However, it did not affect the number of replicates used for the
soil analyses (soil extractable concentrations of Pb and As, vegetable Pb, As and Al concentrations,
soil total Pb, P, As and Al concentrations, TOC, pH and salts).
Statistical analyses were performed with the R 3.0.3 software (R Core Team 2014). The
effects of plant and fertility amendment type were assessed with two-way ANOVA with
interactions. Two-way ANOVA was also used to evaluate the effects of Fe and Mn and fertility
amendments, with interactions. Specific differences between treatments were tested with Tukey’s
honest significance test. Categorical independent variables were considered to have an effect on
dependent variables when the probability value was < 0.05.
Linear discriminant analysis (LDA) on Figure 4.4 was used to separate the effects of
different amendments on dependent variables (soil extractable concentrations of Pb and As,
vegetable Pb, As and Al concentrations, soil total Pb, P, As and Al concentrations, TOC, biomass,
pH and salts) (Dray and Dufour, 2007; Venables, 2002). Specific effects of different amendments
was tested with Wilks and Pillai tests. The “MASS” and “ade4” packages were used for LDA.
LDA draws a decision region for each amendment and thus provides a better understanding of how
specific variables differentiate amendment types. In addition, the circle correlation of the LDA
provides a clear visual correlation between dependent variables.
Correlations between concentrations of Pb, As and Al (an index of the presence of soil
particles) in vegetable tissues were fit with general linear models using SigmaPlot 11.0 (Systat
Software, Inc., San Jose California USA).
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4.3 Results
4.3.1 Soil properties
The Duke Farm soil is a Penn silt loam soil (fine-loamy, mixed, superactive, mesic Ultic
Hapludalfs) with a surface layer of 28% sand, 12% clay, and 60% silt (Soil Survey Staff, 2014),
an organic matter content of 6.4%, and a weakly acidic reaction (pH 6.0) in the untreated plots
(Table S1). Prior to the field experiment, the average total Pb concentration was 304 mg kg-1, total
As was 73 mg kg-1, and total P was 728 mg kg-1 based on analysis of three composite samples from
Duke Farm. All of these elements are highly variable, suggesting significant heterogeneities in the
soil at Duke Farm. After amendments were applied and mixed in each plot, among the 25 plots
soil Pb ranged from 133 – 284 mg kg−1 and soil As ranged from 19 – 43 mg kg−1. This soil is
considered to be contaminated based on the As threshold of 19 mg kg−1 for residential use of soils
in New Jersey (State of New Jersey, 2017). Amended soils had substantially lower total Pb and As
concentrations possibly due to an artifact of sampling error because of spatial heterogeneity.

4.3.2 Effect of the amendments on the Pb and As extractability
Generally, fertility amendments had a significant effect on extractable Pb and As
concentrations (P < 0.05) (Table 4.1). Bone meal, TSP, manure compost, and raised bed soil all
significantly decreased extractable Pb concentrations (measured with the modified Morgan
extraction method (McIntosh, 1969)) compared to the control plots (Figure 4.1a) with decreases
of 25% for bone meal, 35% for TSP, 49% for manure compost and 46% for raised bed soil. Fe
amendment significantly decreased extractable Pb in all treatments (Figure 4.1b). Extractable Pb
was decreased by Mn amendment only in the TSP and manure compost treatments (Figure 4.1c).
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The addition of Fe plus Mn significantly decreased extractable Pb only in the manure compost
treatment (Figure 4.1d).
In contrast to Pb, extractability of As was increased significantly by the addition of TSP,
manure compost, and raised bed soil, whereas no significant difference was observed between
control and bone meal (Figure 4.1e). Extractable As concentrations increased in the TSP treatment
by 101%, in the manure compost treatment by 56 %, and in the raised bed soil treatment by 114%.
The Fe amendment significantly increased extractable As in all treatments except manure compost
(Figure 4.1f). Extractable As was increased by the Mn amendment in all treatments (Figure 4.1g).
The addition of Fe plus Mn significantly increased extractable As only in the raised bed soil (Figure
4.1h).

Table 4.1 Two-way ANOVA of the effects of fertility and Fe and Mn amendments on Pb and As
concentrations in vegetables (d.f. is degrees of freedom).
d.f.
4
1
4
4
1
4
4
1

F value Pb
26***
400***
13***
25***
61***
4**
18***
3ns

F value As
46***
43***
25***
29***
60***
1ns
27***
1ns

Fertility Amendment
Fe
Fertility Amendment * Fe
Fertility Amendment type
Mn
Fertility Amendment * Mn
Fertility Amendment
Fe plus Mn
Fertility Amendment * Fe plus
4
4**
4**
Mn
Significance codes: *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05.
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Figure 4.1 Extractable Pb and As concentrations in soil in the experimental plots at Duke Farm
treated with control, bone meal, TSP, manure compost, and raised bed soil with or without Fe, Mn
and Fe plus Mn amendments. Values are mean ± SE, n = 5. Bars with different letters are
significantly different in a Tukey test at P < 0.05.
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4.3.3 Pb and As in vegetable tissue samples
The mean concentrations of Pb varied by crop (Figure 4.2). In general, root crops (carrot
and radish) were the highest, followed by leafy vegetables (lettuce), and then fruits (tomato). All
of the carrots and 65% of the radish samples showed Pb concentrations greater than the European
Union (EU) standard for root crops (European Commission, 2006) (0.1 mg kg-1) (P < 0.001, Tukey
test). Twenty-nine percent of the lettuce samples analyzed exceeded the EU threshold of 0.3 mg
kg-1 for leafy green vegetables. All tomato samples were below the EU threshold of 0.1 mg kg-1
for fruit vegetables. Plant type was the most important factor controlling Pb concentration in
vegetables (Figure 4.3b), P < 0.001 (Table 1). ANOVA showed that both plant types and
amendments had significant effects on As and Pb levels (P < 0.001) (Table 4.2). Lead
concentrations in vegetables grown at the Duke Farm site in response to single and double
additions of phosphorus or Fe additions is illustrated in Figure S2.

Table 4.2 Two-way ANOVA of the effects of fertility amendments and plant type on Pb and As
concentrations in vegetables (d.f. is degrees of freedom).
d.f. F value Pb F value As
4
15.75***
6.07***
Fertility Amendment
3
126.98*** 200.71***
Plant type
12
10.42***
6.58***
Fertility Amendment * Plant type
The number in the table are the F values; significance codes: *P < 0.05, **P < 0.01, ***P < 0.001,
ns P > 0.05.
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Figure 4.2 Pb and As concentrations in vegetables in plots amended with bone meal, TSP, raised
bed soil, and manure compost compared to the control (n = 5 for each amendment). The box plots
show the lower quartile, the median and the upper quartile, with whiskers extending to the most
extreme data points (n = 15 for each box plot). Bars with different superscripts are significantly
different at P < 0.05. The horizontal broken lines show European standards for Pb in vegetables,
while the horizontal broken lines show the FAO/WHO standard for As in vegetables.

The mean concentrations of As also significantly (P < 0.05) varied by crop (Figure 4.2).
Radish was the highest, followed by lettuce, carrot and then tomato. Five percent of radish samples
had concentrations of As greater than 0.2 mg kg-1, the standard used by the Food and Agriculture
Organization of the United Nations/World Health Organization (FAO/WHO, 2017) and the
National Health and Family Planning Commission of the People’s Republic of China (China Food
Standard Regulations, 2017). All other vegetables were below 0.2 mg kg-1. Arsenic concentration
in vegetables grown at the Duke Farm site in response to single and double additions of phosphorus
or Fe additions is illustrated in Figure S3.
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Figure 4.3 Correlations between Pb or As and Al concentrations in lettuce and radishes (mg kg-1
f.w.) (n = 46 for lettuce and 63 for radishes). Correlations were significant, P < 0.001.

4.3.4 Effects of amendments on vegetable Pb and As concentrations
Amendments had small and variable effects on vegetable Pb concentrations compared with
the control (Figure 4.2). However, Fe addition had a significant effect on Pb concentration in the
plant tissues of carrots (Figure 4.5). Carrots showed the highest concentration of Pb compared to
other vegetables. Linear regressions of vegetable Pb versus soil Fe showed the strongest Fe effect
for carrots, R2 = 0.42 (P < 0.001), followed by radishes, R2 = 0.26 (P < 0.001), and lettuce, R2 =
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0.13 (P < 0.05). Soil extractable Pb correlated with vegetable Pb in lettuce R2 = 0.16, radishes R2
= 0.40 and carrots R2 = 0.76 (P < 0.05) (data not shown).
Amendment effects on vegetable As levels varied with plant type. Arsenic concentrations
in radishes were lower in the compost treated plots (raised bed soil and manure compost) than in
the control and P-treated plots (Figure 4.2). Iron addition had no significant effect on As
concentration in the plant tissues of four types of vegetables (Figure 4.5). The highest
concentration was observed in radish, followed by lettuce, followed by carrots and tomatoes with
statistically significant differences. Overall, Fe amendment increased As concentration in the plant
tissue of lettuce, R2 = 0.11 (P < 0.05), and radishes, R2 = 0.32 (P < 0.001). Soil extractable As
was correlated with vegetable As only in radishes R2 = 0.14 (P < 0.01) (data not shown).

4.3.5 Correlations between Al and Pb or As in vegetable crops
Vegetable Pb and As concentrations were more strongly correlated with vegetable Al
concentration than with soil total Pb or As based on a general linear model analysis with P < 0.001.
Aluminum is not an essential nutrient for plants, i.e. plants do not uptake Al. Thus, the occurrence
of Al in plant tissue is indicative of particulate contamination from the soil or from aerosols. The
correlations between vegetable Al and Pb were significant for radish and lettuce with R2 = 0.16
and 0.50, respectively (P < 0.001). Similarly for Al and As in radish and lettuce with R2 = 0.33
and 0.47, respectively (P < 0.05) (Figure 4.3). It should be noted that for radish, two data points
appeared to fall on a different correlation line, with much higher Pb (Figure 4.3 top left panel).
These two plots had very low pH, which may have led to high uptake of Pb.
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4.3.6 Vegetable yield and amendment cost
Amendments affected yield of the produce (Table 4.3). The largest yield was observed in
composted plots and the lowest (absence) in Mn-amended plots.
Amendment costs per hectare were calculated as follows: 15 % bone meal - 12,543 USD,
46% TSP - 4,521 USD, Fe - 147,685 USD, Mn - 45,951 USD, manure compost - 34,240 USD,
and raised bed soil - 9,587 USD. These prices are not based on bulk purchases, rather these were
purchases of small quantities for experimental use. Bulk purchases, which would be relevant to
large scale production, are expected to be much lower. In addition, high Fe and/or Mn biosolid
composts have been used as Fe/Mn amendments and showed successful reduction of Pb
bioavailability (Brown et al., 2012; McIvor et al., 2012).

4.3.7 Multivariable analysis
Linear discriminant analysis (LDA) revealed significant separations between amendments
(P < 0.0001; Wilks and Pillali tests) explaining 97% of the variance (Figure 4.4). The first LDA
axis explained 86 % of the total variance and was positively correlated with soil and plant tissue
concentrations of Pb, As, Al, and negatively correlated with TOC and plant biomass. The second
axis explained 11% of the total variance and was positively correlated with soil P and salts. The
LDA correlation circle highlights the negative correlation (P < 0.001) between TOC and soil Pb
concentration. Similarly, negative correlations were observed between vegetable Pb, As and Al
concentrations and plant biomass P < 0.05. The LDA showed positive correlations between soil P
and vegetable As concentrations (P = 0.01). Positive correlations between Pb, As and Al
concentrations in vegetables were also observed in simple linear analyses (Figure 4.3).
The 5 amendment type LDA projections were divided into three classes: (i) control, (ii)
bone meal and TSP, and (iii) manure compost and raised bed soil. The control class was
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distinguished from the other amendments by high soil Pb and As concentrations and by elevated
vegetable Pb and Al concentrations. The second class (bone meal and TSP) was characterized by
the presence of As in vegetables and P in soil. Finally, the manure compost and raised bed soil
class was characterized by high biomass production and TOC and low metal concentrations.

Table 4.3. Produce yield and soil pH in different plots treatments at the end of the experiment.
Plot
Treatment
Control
Control
Control + Fe2O3
Control + MnSO4*H2O

1
2
3
4
5

Mean weight, g
carrot radish
78
112
20
22
27
-

pH
lettuce
25
82
66
-

tomato
54
63
69
-

Control + Fe2O3 + MnSO4*H2O
6
70
153
92
Bone meal (15% P)
7
63
260
61
77
Bone meal 15% P) x2
8
38
164
78
164
Bone meal (15% P) + Fe2O3
9
184
59
Bone meal (15% P) + MnSO4*H2O
10
Bone meal (15% P) + Fe2O3 + MnSO4*H2O
11
49
144
123
74
TSP (46% P)
12
83
141
440
128
TSP (46% P ) x2
13
289
9
131
TSP (46% P) + Fe2O3
14
18
TSP (46% P) + MnSO4*H2O
15
TSP (46% P) + Fe2O3 + MnSO4*H2O
16
145
492
112
337
Manure compost
17
146
290
249
712
Manure compost
18
92
256
345
270
Manure compost + Fe2O3
19
31
13
Manure compost + MnSO4*H2O
20
12
Manure compost + Fe2O3 + MnSO4*H2O
21
62
244
282
Raised Bed Soil
22
81
163
347
283
Raised Bed Soil
23
46
185
283
398
Raised Bed Soil + Fe2O3
24
5
84
Raised Bed Soil + MnSO4*H2O
25
193.5
45
Raised Bed Soil + Fe2O3 + MnSO4*H2O
Note: plants in some plots didn’t survive. A few plants were found in Fe&Mn plots but were not
included in the analysis for consistency.
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6.00
5.80
3.32
4.68
3.76
5.99
5.96
3.01
4.59
3.67
5.92
5.93
2.80
4.71
4.04
6.21
6.48
3.47
5.15
4.32
6.54
6.57
4.74
5.37
3.13

11 %

Soil P
SoilP
TOC
TOC

Bone
Meal
Bonemeal

Salts
salts

biomass
biomass

Plant As
As

86 %

Soil
SoilPb
Pb

pH

Manure compost

Manurecompost
Raised bed soil
raisedbedcompost

TSP
TSP

Plant
Pb
Al Pb
Plant Al
Soil As
SoilAs

control

Figure 4.4 Linear discriminant analysis of the influence of amendment type (Control, bone meal,
TSP, raised bed soil and manure compost) on vegetable Pb (Plant Pb), As (Plant As) and Al (Plant
Al) concentrations, Soil Pb (Soil Pb), As (Soil As) and Al (Soil Al) concentrations, soil phosphorus
(b)
traitement
concentration (soil P), total organic carbon (TOC),
biomass,
pH and salts. The first and the second
axes explained 86 % and 11 % of the total of variance, respectively.

(a)

4.4 Discussion
4.4.1 Factors controlling Pb and As concentrations in plant tissues
In this study, root crops (carrot and radish) had the highest Pb, followed by leafy vegetables
(lettuce), and then fruits (tomato). Radishes had the highest As, followed by lettuce, carrots and
then tomatoes (all differences were statistically significant). Thus, our results are consistent with
studies showing that vegetable type is a strong determinant of edible crop metal concentration
(Alexander et al., 2006; Douay et al., 2013; McBride et al., 2014; Moir and Thornton, 1989;
Samsøe-Petersen et al., 2002). Cao and Ma (2004) observed that carrots had higher As
concentration than lettuce and they suggested that direct soil contact by carrots leads to higher
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concentrations compared to lettuce which must translocate As from roots to shoots (Cao and Ma,
2004).
Arsenic is readily taken up by leafy green crops, whereas Pb generally has a low tendency
for uptake into above-ground tissues because of its very low solubility in soils that are not strongly
acidic (McBride et al., 2013). Results from McBride (2013) are consistent with the general
observation that the barrier to translocation of Pb within the plant protects fruit crops from
significant Pb contamination (Alexander et al., 2006). The well-known physiological barrier to As
transfer from the vegetative part of the plant into seeds and fruits is pronounced in tomato (Singh
and Ma, 2007). This explains the negligible Pb and As concentrations in tomatoes analyzed in this
study.
The correlations observed in this study between vegetable Pb or As and vegetable Al
concentrations (Figure 4.3) are consistent with those of Mosbaek et al. (1989), McBride et al.
(2013, 2014), Egendorf et al. (2018) who suggested that most of the Pb they measured in plants
(1-10 mg kg-1 in many crops) originated from airborne contamination. Aluminum is insoluble and
unavailable for plant uptake at the near neutral soil pH found in urban garden soils (McBride et
al., 2014, 2013) and it is not an essential nutrient for plants. The occurrence of Al on plant tissue
samples is therefore considered to be an indicator of deposition from the atmosphere or soil splash.
Soil particles containing mineral Al are associated with Pb; splash and wind contaminate plant
surfaces with these particles.
McBride et al. (2014) found that vegetable Al content was a strong predictor of vegetable
Pb for leafy greens and herbs, and to lesser extent for fruit crops. Only root crops did not have a
statistically significant relationship between vegetable Pb and vegetable Al. According to these
authors, the Al content of the crop explained about 44% of the variability of Pb concentration in
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the sampled leafy greens and herbs. An indicator of adhered soil Pb explained 66% of the
variability of Pb concentration in leafy greens and herbs (McBride et al., 2014, 2013). Cary et al.
(1994) also found that washed vegetables contained from 0.07 to 4.88% soil on a dry-weight basis
(using immobile soil elements such as Al as indicators of contamination).
Soil Pb and As concentrations are also important factors influencing vegetable tissue Pb
and As concentrations. However, we found weak but statistically significant relationships between
Pb in lettuce and radishes and soil total Pb concentration and strong relationships between Pb in
carrot tissues and soil total Pb. We also observed weak relationships between vegetable As
concentrations and soil total As concentration for radish and lettuce but not for carrots or tomatoes.
McBride et al. (2015) found a strong effect of soil total Pb and As on contamination of the edible
portion of carrot, lettuce, bean and tomato. The relationships that we observed were likely weaker
than those observed by McBride et al. (2015) because the range of soil Pb and As in our study was
much smaller.

4.5.2 Effects of P-bearing and compost amendments
Generally, phosphate amendments decreased soil extractable Pb and increased extractable
As compared with the control (Figure 4.1). The addition of phosphate amendments (e.g., TSP)
elevated As concentrations in radishes (Figure 4.2), but reduced (P < 0.001) Pb concentrations in
all vegetable types except for tomatoes, which had negligible Pb concentrations. These results are
consistent with previous studies showing that composts and phosphates can mobilize As even as
they stabilize Pb (Cao et al., 2003).
Based on our findings, the compost and raised bed soil treated plots had the lowest
concentrations of Pb and As in vegetables. These results are consistent with previous studies
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showing that organic materials such as composts can decrease solubility and bioavailability of Pb
(Karami et al., 2011; Lim and McBride, 2015; Wang et al., 2006; Zhou et al., 2012). Compost
amounts of 4 - 7 kg m-2 (fresh matter basis) increase organic C, total N and extractable P and can
thus possibly trigger stabilizing interactions between Pb and P. In addition, compost amendments
can cause a ‘growth dilution’ effect on vegetable Pb and As concentrations due to more vigorous
growth and biomass production compared to control (McBride et al. 2015). In our study, the yield
of lettuce from the compost/raised bed plots increased by 500% compared to the control plots,
radish increased 280%, tomatoes increased 460%, and carrots increased 200%. As plant biomass
increased, Pb concentrations were significantly lower in carrots, lettuce, and radishes (P < 0.001).
Thus, compost addition dilutes metal concentrations directly in soils and indirectly (via increased
growth) in plants (Mcbride et al., 2015). High variation in our estimates of the initial concentrations
of Pb and As in our soils makes our estimates of this dilution uncertain. However, the dilution
effect in soil appears to be greater than the ability of high soil organic matter to lessen formation
of pyromorphite by inhibiting crystal growth at low pH (< 4) and increasing the number of crystal
seeds (Lang and Kaupenjohann, 2003).
Interestingly, vegetables from the compost and raised bed soil amended plots had the
lowest Al levels, confirming less particle adherence. Organic amendments such as compost can
also improve soil structure (e.g., aggregation) which can reduce splash and dust levels (Deeb et
al., 2017, 2016).
Lead can bind/chelate with organic matter, but As does not. This could be due to the
formation a metal bridge bond to organic matter. However, PO4 and organic acids present in
compost may compete with arsenate for soil adsorption sites and affect As availability. Some
studies have shown that application of organic matter, e.g. compost, can elevate soil cation and
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anion exchange capacity (Shiralipour et al., 1992). Compost may increase sorption of As species,
thus decreasing As accumulation by plants (Cao et al., 2003). Also, PO4 may compete with As for
plant uptake from the soil solution as a chemical equivalent of arsenate (Cao et al., 2003). At the
same time, PO4 application to As-contaminated soils could enhance As mobilization from soil
through competitive exchange (Smith et al., 2002), thus increasing As availability to plants (Peryea
and Kammereck, 1997).

4.5.3 Effects of Fe and Mn amendments on plants and soils
The addition of Fe oxide with elemental S drastically increased carrot Pb concentration
(Figure 4.5), which was an unexpected result that appeared to be linked to a decrease in soil pH
(Morgan et al., 2010). The relationship between soil pH and Pb in vegetables was strongest in
carrot > radish > lettuce. Iron addition had no significant effect on As concentration in the plant
tissues of vegetables (Figure 4.5). Phosphate and arsenate are chemical equivalents that compete
for sorption sites (Rodriguez et al., 2003). Phosphate may desorb arsenate from Fe, Al, and Mn
oxide surfaces by ligand reactions (Bradham et al., 2018), i.e. make As more mobile and available
for plant uptake. In addition, greater As sorption occurs in solutions as the pH increase from 4 to
8 (Bowell, 1994), thus, the acidic conditions (pH < 4) created in the Fe (with elemental S) treated
plots likely caused desorption of As. There was a relationship between soil pH and As in plant
tissues only for carrots.
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Figure 4.5 Pb and As concentrations in vegetables in plots with/without Fe amendment (n = 5 for
each amendment). The box plots show the lower quartile, the median and the upper quartile, with
whiskers extending to the most extreme data points (n = 15 for each box plot). Bars with different
superscripts are significantly different at P < 0.05.

Metal speciation and the concentrations of Fe, Al, and Mn affect solubilities and
bioavailabilities of metals in soils (Bradham et al., 2011, 2006; Kelley et al., 2002; Scheckel et al.,
2009). Surfaces of freshly precipitated Mn and Fe oxides serve as highly active adsorbents for
most dissolved metal ion species. Speciﬁc adsorption and co-precipitation are two key processes
by which metal immobilization occurs with these complexes. McKenzie (1980) demonstrated that
immobilization of metal ions by nine synthetic Mn oxides and three synthetic Fe oxides was due
to strong speciﬁc adsorption and that Pb was adsorbed more strongly than cobalt, copper, Mn,
nickel, and zinc by all oxides except goethite. Increasing pH and increasing surface area controlled
the increase of Pb adsorption onto these surfaces. Only about 10% of Pb adsorbed can be displaced
with electrolyte solutions (Hayes and Leckie, 2014; McKenzie, 1980). Hence, adsorption and/or
62

co-precipitation can lower soluble Pb levels in soil solutions and waters (Hettiarachchi and
Pierzynski, 2004). Jardine et al. (2007) found that the addition of soluble Fe(II) and Fe(III) salts
were more effective than metallic Fe in reducing As bioaccessibility. The newly precipitated
amorphous Fe oxides deliver substantial surface area and charge to strongly bind As(III) and
As(V), thus making it less bioavailable in soil.
Manganese treatments led to toxic levels of dissolved Mn that inhibited plant growth. The
added concentration of 2500 mg kg-1 (Hettiarachchi and Pierzynski, 2002) was toxic for plants
causing their mortality. The U.S. EPA residential Preliminary Remediation Goal (R-PRG) for Mn
is 1800 mg kg−1; the original Mn concentration of Duke Farm soil was 356 mg kg-1. The
concentration of Mn in soils should be lower than 1800 mg kg−1 to obtain optimal plant growth
and have reduced vegetable metal concentrations.

4.5 Implications for gardeners and mitigation strategies
The results of this study have significant implications for gardeners across large areas of the
U.S. While much attention has been paid to heavy metal contamination of urban soils, the Duke
Farms site is located in a suburban area where there is less focus on contamination and less use of
imported soil materials than in cities. The site is representative of large suburban areas of
previously agricultural land in the Eastern U.S. treated with Pb and As-containing pesticides
decades ago. Our results suggest that significant levels of available Pb and As remain in these soils
and that vegetables produced on these soils can have metals at levels above health and safety
standards.
McBride et al. (2015) recommended that soil threshold concentrations for Pb should be
1000 mg kg-1 for tomato, 200 mg kg-1 for lettuce, and less than 100 mg kg-1 for carrots. For As,
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they recommended soil threshold concentrations of greater than 300 mg kg-1 for tomato, 50 mg kg1

for lettuce and less than 100 mg kg-1 for carrots. However, our results show that soil with As

concentration of 300 ppm could result in significant exposure via hand to mouth activity while
gardening or after bringing adhered soil particles into homes. Indeed, our results show that adhered
soil particles are the dominant source of Pb and As in vegetables, especially for root vegetables
and leafy greens. These “secondary” routes of exposure need to be considered in safety
recommendations. Proper washing can reduce, but not eliminate, the amount of contaminants
associated with these soil particles. For carrots where Pb and As uptake can also important, even
peeling the skins will not be effective. There is a strong need for research, development and
education for dust and splash control measures (e.g., mulch or straw cover, maintaining a moist
soil, adding organic compost for aggregation stability etc.) to reduce particle adherence onto or
entrapment within vegetable tissues to lessen direct exposure to humans.

4.6 Conclusion
While our results raise concerns about contamination of vegetables, they also show that for
soils with low to moderate levels of Pb and As contamination, safe vegetables can be produced if
suitable plant crops are chosen and appropriate soil amendments are used. Gardener exposure to
metals is lower when growing fruit crops such as tomato in comparison to leafy and root crops.
Further, our results support the idea that amendments can reduce levels of Pb and As in vegetables,
but that care must be taken in the selection and use of these amendments. If organic amendments
(e.g., compost and raised bed soil) are used, it is essential to maintain specific soil pH levels. A
combination of phosphate amendments with other methods, e.g. revegetation, raised garden beds,
and gravel can prevent human exposure to metal contaminants but phosphate amendments should
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be avoided when As concentrations are high. It is unclear if home gardeners have the capacity to
sort through these different options and risks. There is thus a strong need for education and
outreach with gardeners to reduce risk of metal contamination over the large areas of previously
agricultural land in the U.S.

4.7 Supporting information
Selected properties of the soils from the Duke Farm test plots (Table S1); layout of
experimental plots at Duke Farm, NJ; Pb and As concentrations in the vegetables grown at the
Duke Farm site in response to single and double additions of phosphorus or Fe additions (Figures
S1-S3).

Table S1. Selected properties of Duke Farm soil.

pH

Salts (ppm) TOC (%)

Sand (%)

Silt (%)

Clay (%)

6.0

94

6.4

28

60

12

PO4

Mn

P

K

Ca

Fe

2.86

<DL

12

3.3

93

1240

2.2

As

Zn

Mn

Fe

Cu

Cr

Ca

44

143

356

29529

35

78

1618

Nutrients (mg kg-1) NO3-N NH4-N
74.1
Trace metal(loid) Pb
content (mg kg-1)
266
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Figure S1. Layout of experimental plots at Duke Farm, NJ.
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Figure S2. Pb concentrations in vegetables grown at the Duke Farm site in response to single and
double additions of phosphorus or Fe additions. The horizontal broken lines show European
standards for Pb in vegetables.
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Figure S3. As concentrations in vegetables grown at the Duke Farm in response to single and
double additions of phosphorus or Fe additions. The horizontal broken lines show the FAO/WHO
standard for As in vegetables.
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Chapter 5. Remediation of a Highly Contaminated Urban Gardening Site
5.1 Introduction
Urban gardening is a growing trend in many cities in the United States. For example, in
New York City (NYC) there are over 750 community-sponsored open space garden sites (Lawson
et al., 2013) covering more than 90 acres (Eizenberg, 2013). The benefits of urban gardening
including production of nutritious food, reduced grocery bills, personal and community aesthetics,
etc.), have led to increasing numbers of people being engaged in such activities (Campbell 2017).
The benefits of urban gardening are potentially compromised by the presence of
contaminants such as Pb, As, and PAHs (Cheng et al., 2015; Defoe et al., 2014; Gorospe, 2012;
Marquez-Bravo et al., 2016; Moir and Thornton, 1989; The Dewey-Humboldt Arizona Garden
Project, 2011) in urban soils. Widespread soil Pb contamination has been found in NYC (Mitchell
et al., 2014; Cheng et al., 2015; Li et al., 2018; Paltseva and Cheng, 2018) and most urban areas
in the world (e.g., Glennon et al., 2014; Jean-Soro et al., 2015; Mielke, 2016; Mielke et al., 2010;
Qingjie et al., 2008). While much of this contamination is indirectly linked to use of leaded paint
and gasoline, widespread lead-arsenate pesticide use in the late 19th century was an important
direct source of lead to soils (Schooley et al., 2008). As contaminated lands (e.g. old orchards) are
converted for residential and farming uses, the potential risk to human health is increased through
direct or indirect exposure pathways arising from gardening and transfer through the food chain (
McBride, 2013; Paltseva et al., 2018b).
A variety of strategies have been employed to prevent human exposure, mitigate the effect
of contaminants, and remediate soils including phytotechnology (Chaney, 2017; Singh and Ma,
2007; Van Der Ent et al., 2015), physical barriers (landscape fabric, mulch), vegetative cover
(Brown et al., 2007; Li et al., 2018), the addition of clean soil and organic matter (Clark et al.,
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2008; Spliethoff et al., 2016), raised beds (Clark et al., 2008; Mitchell et al., 2014; Spliethoff et
al., 2016), plant selection (McBride 2013), and / or the addition of amendments (e.g. triple super
phosphate, fishbone, di ammonium phosphate, composts, fertilizers, and biosolids) (Brown et al.,
2012; Cao and Ma, 2004; Obrycki et al., 2016; Zwonitzer et al., 2003). Both organic (e.g.,
biosolids, manures, paper pulp), and inorganic (e.g., fly ash, slag, zeolites) amendments have been
used to reduce metal mobility and toxicity in soils by facilitating the precipitation of less soluble
forms of metal-containing minerals (U.S. EPA, 2013). Phosphate-bearing amendments have been
shown be the most effective for reducing Pb phyto- and bioavailability. Phosphate amendments
stimulate de novo formation of pyromorphite minerals (Ruby et al., 1994) that are insoluble under
normal soil conditions (Ma et al., 1995; Ryan et al., 2001; Scheckel et al., 2013; Zhang and Ryan,
1999). The ability of these amendments to affect Pb and As uptake by plants, however, is
incompletely understood (Codling et al., 2015; Lim and McBride, 2015; McBride, 2013; Mcbride
et al., 2014, 2015; Paltseva et al., 2018b). More research is needed to assess the effects of
phosphate amendments on bioavailability, particularly in diverse settings where soils
contaminated with Pb cannot be easily removed (e.g., urban gardens) (Scheckel et al., 2013;
Spliethoff et al., 2016).
The addition of phosphate can mobilize As even as it stabilizes Pb in soil (Karna et al.,
2017a). Added phosphates increase the solubility of soil As through competitive anion exchange
(Peryea, 1991) causing it to migrate downward in the soil profile to groundwater, increasing its
availability for plant uptake (Cao et al., 2003; Creger and Peryea, 1994; Peryea and Kammereck,
1997; Wang et al., 2002; Zhao et al., 2009). However, McBride et al. (2015) found that vegetable
Pb and As concentrations were strongly correlated with soil total Pb and As but not to soil organic
matter content or the quantity of added compost. There is further uncertainty regarding the extent
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to which As can be mobilized by phosphates or organic matter and the mechanisms of uptake by
different types of plants (Lim and McBride, 2015; Paltseva et al., 2018a; Scheckel et al., 2013).
In addition, for urban soils with near-neutral or slightly alkaline pH, phosphate
amendments may be ineffective in achieving the desired conversion of soil Pb into less
bioavailable and more stable mineral forms such as pyromorphite (Chrysochoou et al., 2007;
Scheckel et al., 2013). Thus, for such conditions it may be necessary to acidify the soil to make
phosphate more available (Karna et al., 2018). Sulfur is a commercially available amendment
commonly used to lower soil pH.
Direct oral ingestion of contaminated soil and consumption of garden produce have been
identified as potential exposure pathways of concern in urban gardens where soils contain elevated
levels of contaminants (U.S. EPA, 2011a). However, human health risk assessments based on total
soil metal concentration can overpredict actual risk because only some percentage of metals in soil
are in a form that will be absorbed in the gastrointestinal tract upon ingestion (U.S. EPA, 2007a).
This is referred to as the bioavailable fraction. In vitro bioaccessibility (IVBA) assays that measure
dissolution of metals from soil in a gastric-like environment are commonly used as a cost-effective
estimate of soil metal bioavailability (Bradham et al., 2011). Therefore, important metrics for
characterizing potential human exposure to toxic metals from urban gardens include total soil
metal concentration, soil metal bioavailability/bioaccessibility, and edible plant tissue
concentrations.
This study was carried out in a community garden with a publicized soil contamination
issue. The New York Post, a tabloid newspaper in New York City, published two news articles in
2014 on “toxic soils” and “toxic vegetables” grown in this, as well as other gardens in the city
(Buiso, 2014a, 2014b). The articles refer to research conducted by McBride et al. (2014) and
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contain phrases such as “disturbing new state data,” “the numbers are startling,” and “this is
insane” and raised significant concerns within the urban gardening community in New York City.
In order to investigate the actual and potential risks present in this garden, we established plots
with three different soil amendments as well as control plots within the fenced areas of the garden
with contaminated soil. We also established a raised bed with clean soils in the same garden. We
grew a variety of common vegetables and measured total and bioaccessible fractions of Pb and As
and plant tissue concentrations of these metals. The specific goals were to 1) evaluate the effects
of amendments (bone meal, compost, and sulfur) on Pb and As phytoavailability, bioaccessibility
and concentrations in plant tissues in a highly contaminated urban soil and 2) to compare the
effectiveness of these amendments with soil replacement. While the dynamics of metals in soils
have been studied previously, the work here is unique in that it evaluates actual highly
contaminated, actively gardened urban soils, in a highly visible public context. The work attempts
to fill a critical gap between basic research and actual dynamics and human exposure to metals
that can be a critical constraint on a potentially highly beneficial activity.

5.2 Methodology
5.2.1 Site description
The Sterling Community Garden (SCG) (40.671082, 73.922214) was founded in 1995 and
is currently part of Green Thumb program of the NYC Department of Parks and Recreation. The
total area of the garden is 436 sq meters (4689 sq ft) and is surrounded by rowhouses and two
roads with moderate vehicle traffic (Figure 5.1). Based on Google Earth historical images dating
back to April 1994, the site originally was an empty urban lot that was later converted into a garden.
The garden is located in a residential area of the Crown Heights neighborhood in Brooklyn (NY,
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USA), with a median household income of $25,000 - $45,000 and a population that is 97-100% of
African-American (http://www.oasisnyc.net/map.aspx?zoomto=garden:895).

Figure 5.1. XRF survey of the garden (36 measurements) at 0-15 cm (0-6 in) depth.

Portable X-ray fluorescence (pXRF) was used to survey the entire site for Pb and As
concentrations in 2014 (n=36) (Figure 5.1). Pooled soil samples (0 – 15 cm) taken from each of
the sample locations were used for this analysis. While most plots had moderate levels of Pb
contamination and As below detection limits, a fenced area around a peach tree had high levels of
both Pb (1368 mg kg-1) and As (394 mg kg-1). This area was chosen for the field experiment in
this study. At the beginning of the experiment, as plots were established (April, 2015), a composite
sample from this fenced area was collected and analyzed for soil total Pb and As by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). At the end of the experiment (October, 2016), the
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concentrations of soil total Pb and As for each plot was measured. Each sample was a composite
from 10 different locations within the beds, and the soil was thoroughly mixed in a bucket for
homogeneity prior to subsampling for lab analysis.

5.2.2 Amendment application and vegetable planting
This study examined the effects of bone meal, sulfur, and manure compost on Pb
stabilization and As mobilization and their uptake by plants. There were four 1.48 m2 (4 ft x 4 ft)
wooden frame plots established in April 2015. For each plot, the contaminated soil was first dug
up (25 cm depth) and thoroughly homogenized. The wooden frame was then placed inside the pit
with landscape fabric laid down at the bottom. The homogenized soil was then put back into the
bed, with the top of the wooden frame at the same level with the surrounding ground surface. The
areas between the beds were covered with mulch to minimize dust resuspension and cross
contamination. In June, 2015 the following treatments were applied to three beds respectively:
bone meal (Greenway Biotech Inc. 3-15-0, Ca-24%, derived from cooked bone meal, manure
compost (Nature’s Care Really Good CompostTM), and sulfur (Espona, Organic Soil Acidifier,
18% free sulfur, 12% combined sulfur, derived from elemental sulfur and gypsum). The fourth
bed was left unamended as control.
Bone meal was added at a rate of 500 g/plot (i.e., 3,014 lb/acre) and sulfur - 860 g/plot (i.e.,
5184 lb/acre), or 1709 mg kg-1 and 2940 mg kg-1, respectively. The application rate for bone meal
was similar to that used in other research for phosphate bearing amendments (Hettiarachchi et al.,
2000; Paltseva et al., 2018a), where a target ratio of 5:3 for P:Pb was used, following Porter et al.
(2004) who argued that this was the ideal molar ratio of P:Pb based on pyromorphite structure.
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Sulfur application rate was based on manufacturer recommendations (12 lbs/100 sq. ft.). Compost
was mixed into the soil in situ at a 3:1 (Vsoil:Vcompost) ratio (Attanayake et al., 2014).
Five types of produce commonly found in urban gardens were planted in each plot in July
2015. Tomato, eggplant, onion, kale and cabbage seedlings were transplanted. The edible portions
of all crops were harvested at maturity appropriate for fresh consumption. It is important to note
that none of these crops were made available to gardeners, and that upon conclusion of this study,
the soils have been removed from the site.
In order to obtain representative samples and reduce the bias from genetic variability
among plants, edible parts of the same vegetable type within each plot were pooled and analyzed
as one sample. Onions were peeled and cabbage outer leaves were removed. All five types of
produce were washed three times under running tap water. Triplicate washing was performed to
remove soil particles and to mimic practical washing procedures that gardeners could employ at
home. Crops were air dried in open plastic bags on a clean laminar flow bench. Samples were then
cut into small pieces, thoroughly mixed and stored in plastic bags in a freezer until digestion.

5.2.3 Physicochemical characterization of soils
Soils were characterized for texture, total organic content (TOC) by loss on ignition at 550
°C, soil pH in water at 1:1 (Vsoil:Vwater), and salts at 1:2 (Vsoil:Vwater). Particle size fractions of <250
μm were utilized for total heavy metal digestion as this is the soil fraction that sticks to the hands
of small children and is recommended by EPA (U.S. EPA, 2000). However, recent EPA guidance
(U.S. EPA, 2016) recommends a particle size fraction <150 μm to better represent the particle size
fraction that adheres to a child’s hand. This study was conducted prior to the new update.
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For total soil metals and As concentrations, soil samples (<2 mm fraction) were digested
using a microwave oven assisted digestion method following EPA Method 3051a (U.S. EPA,
2007c). The digested samples were analyzed with a Perkin Elmer DRCe Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) for Pb, As, P, Ca, Mn and Fe. External soil reference
standards SRM-2586 (Pb = 432 mg kg−1, As = 8.7 mg kg−) and SRM-2587 (Pb = 3242 mg kg−1,
As = 13.7 mg kg−1), obtained from the National Institute of Standards and Technology, were used
for external quality control.
Extractable concentrations of Pb and As in fresh soil samples were measured following the
modified Morgan method (McIntosh, 1969) where soil was extracted with 1-M sodium acetate
buffered at pH 4.8 in a 1:5 soil to extractant ratio for 15 minutes on a shaker under room
temperature. The extractant solution was then centrifuged, followed by analysis with ICP-MS.
Some laboratories use the modified Morgan method to assess soil total Pb concentrations based on
the observed correlation between total and extractable Pb (Mcbride et al., 2011; McBride, 2016;
Minca and Basta, 2013). Because the Morgan buffer at pH 4.8 is a much less chemically aggressive
extractant for Pb and other elements than analyses based on strong acids, the modified Morgan
analysis provides a more realistic estimate of labile and readily available Pb than strong acid
extractions (McBride, 2016).

5.2.4 Assessment of bioaccessible Pb and As
Bioaccessible Pb and As were quantified following the standard US EPA Method 1340: In
Vitro Bioaccessibility Assay for Lead in Soil (USEPA, 2013). This method involves extraction
with 0.4-M glycine solution at pH 1.5. In this study, samples were also extracted at pH 2.5 with
the same relative bioavailable (RBA) protocol (Drexler and Brattin, 2007) - as the effect of
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amendment treatment is reportedly more pronounced at this pH (Denys et al., 2012; Obrycki et al.,
2016; Scheckel et al., 2013). SRM 2710a was used as the external standard for bioaccessible Pb
and As (Pb = 5520 mg kg−1, As = 1540 mg kg−1) and was included in each extraction batch.
The extraction efficiency of Pb from the NIST SRM 2710a soil standard was 62% at pH
1.5 (used as a reference) and 49% at pH 2.5. The former is comparable to the 67.5% obtained in a
Round Robin study conducted in several laboratories (USEPA, 2012). According to the National
Institute of Standards and Technology (2010), the acceptable range for Pb extractability at pH 1.5
from this standard is 60.7-74.2%.
To compare site-specific metal bioavailability data from the garden soil to calculated
relative bioavailability (RBA) estimates that are used when developing soil screening levels
(SSLs) or conducting risk assessments at metal contaminated sites, in vitro bioaccessibility (IVBA)
values measured at pH 1.5 of the extractant solution were converted to RBA predictions using
validated linear models for Pb. Specifically, Pb RBA was calculated based on USEPA Method
1340 (U.S. EPA, 2017) using the following equation: Pb RBA (fraction) = 0.878 x Pb IVBA
(fraction) − 0.028.
Brattin et al. (2013) recommend the statistical models based on swine data to be used as
the preferred method for estimating site-specific RBA values for As: RBA = 19.7 + 0.62 × IVBA
(at pH 1.5). According to the researchers, this model is preferred because the data set based on
measurements in swine spans a wider range of RBA values than the data set based on monkeys,
has a narrower prediction interval than the monkey model, and is much less dependent on the
influence of the sodium arsenate-spiked sample than the model based on monkey data.
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5.2.5 Plant tissue analyses
Fresh (or frozen) plant tissue samples were digested using a microwave oven digestion
method following the standard EPA Method 3052 (U.S. EPA, 1996a). For each vegetable sample,
three replicates were digested and analyzed to examine variability among sub-samples and
consistency of the results. The digested samples were analyzed by ICP-MS. External standards
SRM 1568a: rice flour (Pb = 0.008 mg kg−1, As = 0.29 mg kg−1) and SRM 1515: apple leaves (Pb
= 0.47 mg kg−1, As = 0.038 mg kg−1) were used for external quality control.

5.2.6 Exposure analyses
Estimate of daily exposure to Pb and As was done for a child (0-6 years old). Three main
exposure pathways were evaluated: vegetable consumption, soil and dust ingestion, and dust
inhalation as follows:


Vegetable consumption (ug/day) = measured geometric mean of plant contaminant
concentration (mg/kg) * vegetable consumption rate (mg (fw)/day) * 100% of
bioaccessibility.



Soil ingestion (ug/day) = measured soil total metal concentration (mg/kg) * soil and
dust ingestion rate (mg/day) * measured bioaccessibility.



Dust inhalation (ug*m3/day) = measured soil total metal concentration (mg/kg) *
min/max inhalation rate (m3/day) * measured bioaccessibility.

Vegetable consumption rate (green - 4820, root - 4570, and herbal fruit – 5950 mg (fw)
kg−1 (bw) day−1), min/max inhalation rate (10.30 - 24.90 ug*m3/day), and soil and dust ingestion
rate (100 mg/day) were adapted from Table 3 of Entwistle et al. (2018).
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5.2.7 Data processing
Statistical analyses were performed with R version 3.2.2, while graphics were created in
SigmaPlot 11.0. Lead and As vegetable concentrations were converted into natural log before
applying ANOVA, as they were not normally distributed. Soil chemical variables were considered
to have an effect on the bioaccessibility of Pb or As and on vegetable Pb or As uptake when the
probability value was < 0.05.
5.3 Results
5.3.1 Soil properties
The Sterling Community Garden’s soil surface soil (< 2 mm diameter) consists of sandy
loam (79.5% sand, 5.6% clay, and 14.9% silt) with 19% of gravel, 24% of an organic matter
content and a pH level of 6.8. In the untreated plot, the average total Pb concentration was 816 mg
kg-1 and total As was 88 mg kg-1 (Table 5.1). This soil is considered to be contaminated based on
the Pb Soil Screening Level (SSL) of 400 mg kg−1 for bare soils in children’s play areas (U.S.
EPA, 2001b) and the As guidance value of 16 mg kg−1 for residential use of soils in New York
(NYS DEC and NYS DOH, 2006).
Table 5.1. Soil variables measured at the end of the 2015 season.
TOC
Total metal concentrations, mg kg-1

Salts

%

pH

ppm

Plots

P(%) Ca (%) Mn

Fe(%) Zn

As

Pb

Control

0.23 5.1

565

2.2

995

88

816

24

6.8

111

“Bone meal”

0.33 6.4

732

2.3

1187 125

915

29

6.6

84

“Compost”

0.29 6.0

669

2.1

1263 93

748

27

6.5

129

“Sulfur”

0.33 6.4

719

2.3

1034 134

916

27

6.0

337
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5.3.2 Soil Pb and As bioaccessibility
The highest percent of bioaccessible Pb was found in the control plot (33%) and averaged
23 - 24% in the treated plots (Figure 5.2). Bioaccessibility of Pb was significantly reduced by all
three treatments (Tukey test at P < 0.05) compared to the control but there were no differences
among the treatments (P > 0.05).
Arsenic bioaccessibility was higher than Pb bioaccessibility among all the plots (measured
with glycine solution at pH 2.5). Arsenic bioaccessibility was highest in the control plot (93%) and
ranged between 80 and 92% in the treated plots (Figure 5.2). Bioaccessibility of As was
significantly reduced by the bone meal and sulfur treatments, to 78% and 80%, respectively (Tukey
test at P < 0.05) compared to the control.
100
As
Pb

% bioaccessibility

80

60

40

20

0
Control

Bone meal

Manure compost

Sulfur

Figure 5.2. Percent bioaccessible Pb and As concentrations in soil in the experimental plots at
Sterling Community Garden treated with control, bone meal, manure compost, and sulfur
amendments. Values are mean ± SE, n = 3.
Table 5.2 summarizes outcomes of in vitro studies on the effects of the amendments on
soil Pb and As bioaccessibility. The magnitude of change in bioaccessibility is expressed as the
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treatment effect ratio (TER), which is the bioaccessibility of Pb or As in the treated soil divided
by the corresponding estimate for a control, untreated soil. A TER of 1 indicates that the treatment
had no effect on Pb or As bioaccessibility. A value for the TER that is less than 1 indicates a
decrease in Pb or As bioaccessibility. Our results show that the treatments reduced only Pb
bioaccessibility and did not affect As bioaccessibility.

Table 5.2. The treatment effect ratio (TER) for bioaccessibility of Pb and As, defined as the
bioaccessibility of Pb or As in the treated soil divided by the corresponding estimate for a control
(untreated soil). A TER of 1 indicates that the treatment had no effect on Pb or As bioaccessibility.
A value for the TER that is less than 1 indicates a decrease in Pb or As bioaccessibility.
As

Pb

“Bone meal”

1.21

0.82

“Compost”

1.04

0.66

“Sulfur”

1.34

0.84

5.3.3 Extractable Pb and As concentrations (Modified Morgan method)
Generally, the amendments had an effect on extractable (phytoavailable) Pb and As
concentrations measured with the modified Morgan extraction method. Compared to the control
plots (Figure 5.3), extractable Pb decreased by 28%, 39% and 67%, respectively for soils treated
with bone meal, manure compost and sulfur. In contrast to Pb, changes in extractability of As were
less drastic. Soil extractable As concentrations increased in the bone meal treatment by 15%, but
decreased in the manure compost and sulfur treatments by 5 and 35%, respectively. Sulfur-treated
soil showed the greatest reductions for both extractable Pb and As.
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Figure 5.3. Percent extractability (phytoavailability) of Pb and As in soil in the experimental plots
at Sterling Community Garden (determined by Modified Morgan method) treated with control,
bone meal, manure compost, and sulfur amendments.

5.3.4 Vegetable results
All vegetable sample analyses were performed on a fresh weight basis to facilitate
comparison with guidance values based on European Union (EU) food standards (European
Commission, 2006). Vegetable concentrations of Pb and As showed very weak but statistically
significant correlations with each other (R2 = 0.12, P = 0.014) (Figure 5.4). The slope of the
relationship between Pb and As was lower for vegetables (0.15) than for soil (0.25). ANOVA
revealed that for both Pb and As, plant type was the most significant factor determining the
concentration of these elements in the edible crop (P < 0.001), while amendment type had no
significant effect (P > 0.05), when all the crops were compared together.
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Vegetable As concentration, mg kg-1

0.4
0.35

Cabbage
Kale
Onion
Eggplant
Tomato

0.3
0.25

0.2
y = 0.1483x + 0.0357
R² = 0.1196

0.15
0.1
0.05
0
0.0

0.2
0.4
0.6
0.8
1.0
1.2
Vegetable Pb concentration, mg kg-1

Figure 5.4. Correlation between vegetable Pb and As concentrations in cabbage (n=10), onion
(n=8), eggplant (n=11), kale (n=13), and tomato (n=12). Correlations were statistically significant
with P < 0.001.

The median concentrations of Pb varied by crop (Figure 5.5). Onion had the highest Pb
concentration (0.13 mg kg-1 median concentration for all the samples), followed by kale (0.10 mg
kg-1), eggplant (0.06 mg kg-1), cabbage (0.02 mg kg-1), and tomato (0.01 mg kg-1). Eighty percent
of the onions (n=8), 10% of the eggplants (n=11), and 8% of the tomato samples (n=12) showed
Pb concentrations greater than the European Union (EU) standard for root and fruit crops
(European Commission, 2006) (0.1 mg kg-1) (P < 0.001, Tukey test). Eight percent of the kale
(n=13) and none of the cabbage (n=10) samples analyzed exceeded the EU threshold of 0.3 mg
kg-1 for leafy green vegetables. Amendments reduced Pb concentrations only in onion, tomato,
and cabbage (sulfur only) (Figure 5.5).
The median concentrations of As also varied by crop (Figure 5.5). Onion had the highest
As concentration (0.110 mg kg-1 median concentration for all the samples), followed by kale (0.051
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mg kg-1), eggplant (0.050 mg kg-1), cabbage (0.008 mg kg-1), and tomato (0.002 mg kg-1). Fifty
percent of the onion and 25% of the kale samples had concentrations of As greater than 0.1 mg kg1

based on a conservative risk assessment (Defoe et al., 2014). Other vegetables (tomato, cabbage,

and eggplant) were below the 0.1 mg kg-1 guidance value. All amendments reduced onion As
contamination, which was the opposite for kale. Sulfur addition markedly increased As
concentration in kale tissues, to 0.37 mg kg-1.
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Vegetable concentration, mg kg-1
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Vegetable concentration, mg kg-1
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Figure 5.5. Pb and As concentrations in vegetables in Sterling Community Garden plots amended
with bone meal, manure compost and sulfur compared to the control. The horizontal broken lines
show European standards for Pb in vegetables (European Commission, 2006), while the horizontal
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broken lines show a conservative risk assessment (Defoe et al., 2014) for As in vegetables. Values
are mean ± SE, n = 3. Note, seedlings of cabbage and onion did not survive in the composted plots.
Concurrent with this research, a 5th plot was established in the fenced area as a part of an
evaluation of the potential for building new soils for urban gardening (Egendorf et al., 2018). The
plot was filled with clean sediments (glacial sediments excavated from construction projects) and
compost at a volumetric ratio of 67:33. Cilantro, eggplant, kale, onion, and tomato were planted at
the same time as vegetables in the current study. The results showed that Pb and As levels remained
low (with no noticeable increase) in constructed soils during the 1-year pilot study period, and
crops were well below EU safety standards of 0.1 and 0.3 mg Pb kg−1 and 0.1 mg As kg−1 for
fruits and leafy greens, even when surrounded by the contaminated soils analyzed here.

5.3.5 Correlations between Pb, As and Al concentrations
Vegetable Pb and As concentrations did not show strong correlations with vegetable Al
concentration based on a general linear model analysis. The only significant correlation observed
was between vegetable Al and As in onion with R2 = 0.34 (P < 0.05, n=7).

5.3.6 Exposure assessment modeling
Soil and dust ingestion was found to be the main exposure pathways for Pb (Table 5.4) and
were an order of magnitude greater (17.2 – 26.9 ug/day) than exposure through the other two
pathways (vegetable consumption and dust inhalation). Exposure through vegetable consumption
ranged from 0.8 ug/day (in fruit vegetables) to 15.5 ug/day (in root vegetables) (Table 5.3). In
2018, the Food and Drug Administration (FDA) reduced the maximum allowed daily intake of
Pb for children from 6 to 3 ug/day (http://blogs.edf.org/health/2018/10/25/fda-reduces-limit-leadchildrens-food/). In this study, only fruit crops were below the 3 ug/day threshold.
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Table 5.3. Results of the exposure pathway modeling via vegetable consumption. Fruit is referred
to tomato and eggplant, leaf – kale and cabbage, root – onion.
Plots

Control

“Bone meal”

“Compost”

“Sulfur”

CSB*

Type of

Pb vegetable

As vegetable

vegetable

consumption,

consumption,

ug/day

ug/day

fruit

1.2

0.3

leaf

1.7

0.7

root

15.5

8.7

fruit

1.4

0.5

leaf

3.5

1.0

root

5.3

2.5

fruit

0.8

0.4

leaf

4.8

2.4

root

na

na

fruit

0.8

0.5

leaf

1.4

2.3

root

5.8

2.9

fruit

0.08

0.13

leaf

0.16

0.61

root

1.21

0.65

*CSB (Clean Soil Bank) data from Egendorf et. al. (2018)
Similar to Pb, ingestion was the main exposure pathway for As (8.2-11 ug/day) (Table 5.4).
Dust inhalation and vegetable consumption were in a similar range, 0.8-2.7 and 0.3-8.7,
respectively. The control plot showed much lower daily exposure concentrations for As in fruit
and leafy vegetables, but higher exposure for root crops, compared to the amended plots (Table
5.3). There are no established thresholds for As exposure to compare with these values.
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Table 5.4. Results of the exposure pathway modeling via direct exposure through soil ingestion
and dust inhalation.
Plots

Soil Pb

Pb dust

Soil As

As dust

ingestion,

inhalation,

ingestion,

inhalation,

ug/day

ug*m3/day

ug/day

ug*m3/day

Control

26.9

2.8-6.7

8.2

0.8-2

“Bone meal”

22.0

2.3-5.5

10.0

1-2.5

“Compost”

17.2

1.8-4.3

8.6

0.9-2.1

“Sulfur”

22.0

2.3-5.5

11.0

1.1-2.7

CSB*

0.9

0.1-0.2

0.006

0.006-0.015

*CSB (Clean Soil Bank) data from Egendorf et. al. (2018)

5.4 Discussion
Sterling Community Garden clearly has a problem with contaminated soil that poses a risks
to gardeners at this site. Our analysis shows that contaminated soil is present, that vegetables grown
in that soil contain high levels of metals, and that there is significant potential for movement of
these metals into human populations. The sources and nature of this contamination are complex,
with legacy hotspots associated with past land use and conventional amendment approaches do
not appear to be effective at mitigating risks. The results support the idea that urban gardening
that is clearly safe for all participants may need to rely heavily on imported clean soil materials.

5.4.1 Where did the pollution come from?
The high correlation between soil Pb vs. soil As concentrations (R2 = 0.97) in 7 samples,
suggests a single source of pollution at the site. One hotspot of As contamination was observed,
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under a peach tree (Figure 5.1). It is possible that this tree was sprayed with lead arsenate pesticide
decades ago (Schooley et al., 2008); however there are no historical documents to confirm this
hypothesis. Analysis of the slope of the relationships between soil As and Pb concentrations (0.25),
suggests a Pb:As ratio of 1:1.5, which is higher than the ratio of 1:1 in lead arsenate PbHAsO4,
suggesting that more than one source may have contributed to this hotspot. This area is further
from buildings than most parts of the garden, but closer to the road (with a bus station at the curb
about 5 m away). This suggests that leaded paint is an unlikely source, and that deposition of Pb
from vehicle exhaust is more likely. Other plausible explanations for this hotspot could be burned
garbage or use of chromated copper arsenate (wood preservative) (NYS DEC and NYS DOH,
2006), which is consistent with the high concentration of soil chromium (938 mg kg-1) and copper
(900 mg kg-1) at the site. Chromium is also commonly found in ash residue along with mercury,
Pb,

and

As

after

backyard

waste

burning

(https://archive.epa.gov/epawaste/nonhaz/municipal/web/html/health.html).

5.4.2 How bioavailable are metals at the site?
Several parameters govern the availability and mobility of metals, including metal
speciation, the soil matrix in which the metals are incorporated, and the assessment methods used
(Ellickson et al., 2001). Based on the 400 mg kg-1 total Pb standard, and assuming that 60% of this
Pb is RBA, the bioavailable Pb threshold should be 240 mg kg-1 (U.S. EPA, 1998a). Measured
bioaccessibility of Pb in our samples ranged from 172 to 269 mg kg-1 with the highest values in
the control plots. This signifies low risk for human from ingestion, inhalation, and dermal contact
based on the Pb content in the amended plots.
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The As bioaccessibility values, ranging from 77 to 101% among all the plots are more
alarming that the values for Pb. Arsenic RBA based on our calculations was 74% (at extractant pH
1.5). Based on the review of many RBA estimates (U.S. EPA, 2012b), soil As RBA estimates
showed that less than 5% of RBA estimates exceeded 60%. Our data thus suggest a significant
health risk associated with As for Sterling Community Garden members.
Plant type was the most important factor influencing vegetable contamination level. In
general, onion had the highest contaminant levels, followed by kale and eggplant, cabbage, and
then tomato. Our results are consistent with studies showing that vegetable type is a strong
determinant of edible crop metal concentration (Alexander et al., 2006; Douay et al., 2013;
McBride et al., 2014; Moir and Thornton, 1989; Paltseva et al., 2018b; Samsøe-Petersen et al.,
2002). All of the onion, kale and eggplant in the bone meal treated plot were not safe for
consumption based on Pb plant tissue concentration, while most of the vegetables, except onion in
the control and kale in the S-treated plots, were below the As safety level (Figure 5.5).

5.4.3 Can Pb and As risk be reduced with P-bearing and sulfur amendments?
Bone meal and sulfur were the most successful treatments reducing both As and Pb
bioaccessibility. Compost reduced total Pb concentration due to dilution of metals in both soils (by
direct dilution) and plants (due to a ‘growth dilution’ effect because of more vigorous growth and
biomass production compared to control (McBride et al. 2015)). Organic amendments such as
compost can also improve soil structure (e.g., aggregation) which can reduce splash and dust levels
(Deeb et al., 2017, 2016).
Even though there was already sufficient P for plant growth in the unamended plots, the
addition of bone meal significantly reduced bioaccessibility of Pb and As likely due to its more
plant available form. Soil extractable (phytoavailable) As concentrations increased in the bone
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meal treatment by 15%, but decreased in the manure compost and sulfur treatments by 5 and 35%,
respectively. This is likely due to competition between As and Fe/Mn for adsorption sites.
Comparison of soils with different properties have shown soil pH to be much less important than
soil reactive Fe oxides in controlling arsenate adsorption (McBride, 2013) likely due to
competition between anions in the soil solution (organic acids, bicarbonate, phosphate) with
arsenate for chemisorption sites on Fe oxide (Cai et al., 2017).
In a previous study, bone meal and manure compost were applied on contaminated soils
with total Pb of 132-276 mg kg-1 and As of 19-42 mg kg-1 at the suburban Duke Farm site in NJ
(Paltseva et al., 2018b). Plots with compost additions and phosphate treatments, e.g. bone meal,
also had lower bioaccessible Pb compared with control plots, suggesting the binding of phosphate
with Pb to form stable pyromorphite minerals. However, in the Duke Farm soils glycine extracted
two-times less As compared to Pb, which was the opposite pattern observed in Sterling Community
Garden samples that showed much higher bioaccessibility of As compared to Pb. At Duke Farm,
the fraction of bioaccessible As increased with compost and bone meal additions, while in Sterling
Community Garden As bioaccessibility decreased with bone meal but did not change with compost
treatment. The general trend observed in the Duke Farm studies indicated that the phosphatebearing amendments increased the efficiency of As bioaccessibility in the treated plots (Paltseva
et al., 2018b), while the opposite is true for the current study.
Sulfur showed the greatest reductions for both extractable Pb and As. Extractable Pb was
130 mg kg-1 in the control, 94 mg kg-1 in the compost, 80 mg kg-1 in the bone meal, and 43 mg kg1

in the sulfur-treated plots. UMass Amherst University states that unless the estimated total Pb

level in a soil sample exceeds 299 mg kg-1, which is equivalent to an extractable level of 22 mg
kg-1 (based on the Modified Morgan method), it is reported as low and can be considered safe for
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people or plants (assuming the sample submitted is representative of the area of concern)
(https://ag.umass.edu/soil-plant-nutrient-testing-laboratory/fact-sheets/interpreting-your-soil-testresults). In such case, our samples should not be considered safe for people or plants.
Lead is strongly adsorbed by organic matter under non-acidic conditions (Basta et. al.,
2013, Guo et al., 2006), while As is less available at higher pH. At the measured pH level, clay
minerals (i.e., kaolinite, illite, and montmorillonite) and organic matter contribute to As retention
(pH range 5–8) (Bradham et al., 2018). At pH range of 4-5 As is retained by Fe, Al, and Mn oxides
and oxyhydroxides. The sequestration of As as precipitates occurs at higher pH (>8) (Bradham et
al., 2018).

5.4.4 Are metals getting taken up by plants?
Arsenic is readily taken up by leafy green crops, whereas Pb generally has a low tendency
for uptake into above-ground tissues because of its very low solubility in soils that are not strongly
acidic (McBride et al., 2013). Results from McBride (2013) are consistent with the general
observation that the barrier to translocation of Pb within the plant protects fruit crops from
significant Pb contamination (Alexander et al., 2006).
There was no correlation between Al and Pb or As, which suggests that vegetable Pb and
As contamination was due to uptake rather than to surface contamination from adhered soil
particles. Aluminum in plant tissue is indicative of particulate contamination from the soil or from
aerosols because it is not an essential nutrient for plants, i.e. plants do not uptake Al (McBride et
al., 2014). However, Al becomes available for plant uptake at pH 5 and lower. In our experiments,
soil pH even in the sulfur-treated plot was 6, which means that our vegetables were contaminated
most likely due to uptake; however, some Al presence in the plant tissues signifies particulate
contamination from the surface to some extent. In this study, only onions took up both Pb and As
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into their tissues, which is confirmed by a significant correlation between vegetable metal and Al
concentrations and soil total metal concentrations.

5.4.5 How are humans exposed to Pb and As through different pathways?
Our estimate of daily exposure to Pb and As was done for a child from 0 to 6 years old.
Vegetable consumption, soil and dust ingestion, and dust inhalation were evaluated as three main
exposure pathways to human. Using formulas presented in the methodology that take into
consideration measured soil total metal concentration, soil and dust ingestion rate and measured
bioaccessibility, our analysis showed that the dominant risk for metal exposure at our site is soil
ingestion. However, consumption of the vegetables (calculated based on measured geometric mean
of plant contaminant concentration, vegetable consumption rate, and 100% of bioaccessibility)
from the amended plots would exceed the health safety limit of 3 ug/day. By computing values for
total metal concentration to obtain ingestion rate that would be ≤3 ug/day we found that soil should
have less than 80-90 mg kg-1 of total Pb concentration to ensure children’s safety from incidental
soil ingestion. This is consistent with Mielke et al. (1999), who stated that a safe soil level for most
children is around 80 mg kg−1.
Soil and dust Pb ingestion rates from this study were also compared to a plot established
in the study area (Egendorf et al., 2018) with constructed clean soil which had exposure values
much lower the FDA threshold of 3 ug/day. Vegetable consumption rates were very low (Table
5.3) since plant metal concentrations in these plots were 20 mg Pb kg-1 and 1 mg As kg-1 (Table
5.4).
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5.4.6 Mitigation strategies – what should be done?
Sterling Community Garden is representative of urban gardens that have been cultivated
for decades and that have accumulated high contents of metals, P and organic matter. Our study,
as well as many other published research, shows that amendments have variable effectiveness in
reducing the bioavailability of Pb and As. An alternative mitigation strategy based on building
raised beds and filling them with clean soils may be more effective (Egendorf et al., 2018; Walsh
et al., 2018a, 2018b). The NYC Mayor’s Office of Environmental Remediation (OER) created the
Clean Soil Bank (CSB) and PUREsoil NYC programs that promotes the use of excavated glacially
deposited sediments in combination with organic matter, i.e. compost (Walsh et al., 2018a).

5.5 Conclusion
In this study, we used standard amendment approaches to reduce potential metal exposure
at a highly contaminated, active urban garden site. While some reductions in Pb and As
bioaccessibility were observed with the addition of bone meal and sulfur, and total Pb
concentrations were lower due to dilution effects, the amendments were not sufficiently effective
in reducing exposure risk at this site. Our data suggest that Pb and As in soils that have not been
characterized at other garden sites may present serious health risks. These findings also suggest
that consuming vegetables grown in contaminated soils may also present risks. The results here
support the idea that contaminated urban soils need to be replaced with clean soils to ensure safe
agricultural plots (Egendorf et al. 2018).
Addressing exposure risk in highly contaminated sites such as Sterling Community Garden
should be a high priority for municipal authorities and others interested in urban gardening.
Concerns about contamination, possibly raised by sensational newspaper stories similar to those
published about this site, could reduce the interest of residents in participating in this highly
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beneficial activity. It could also fundamentally decrease levels of trust between residents and
environmental authorities, reducing the potential for residents to benefit from a wide range of
environmental activities.
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Chapter 6. Rapid Screening of Bioaccessible Pb in Urban Soils Using pXRF
Paltseva, A., & Cheng, Z. (2019). Rapid Screening of Bioaccessible Pb in Urban Soils Using
pXRF. In Urbanization: Challenge and Opportunity for Soil Functions and Ecosystem Services.
SUITMA 2017 (Vol. 4, pp. 240–248). doi:https://doi-org.ezproxy.gc.cuny.edu/10.1007/978-3-31989602-1_29.

6.1 Introduction
Soil is a sink for many pollutants such as lead (Pb) (Cheng et al., 2015) and is an important
source of contamination in urban environments. Exposure can occur through direct ingestion and
inhalation and via food chain transfer. Chronic ingestion of Pb is especially hazardous to children
as their neurological systems are more susceptible to the negative consequences of Pb. However,
not all Pb in soil is bioavailable. Bioavailable Pb in soils is a better measure of the actual health
risk compared to total Pb. Standard in vivo tests for contaminant bioavailability are based on animal
trials (Casteel et al., 2006; Ryan et al., 2004; Zia et al., 2011) whereas in vitro gastrointestinal
extraction tests are available to measure bioaccessible Pb as a predictor of bioavailable Pb content.
One of the challenges of the existing methods for soil Pb bioaccessibility measurement is that they
all need to be conducted in well-equipped laboratories that can measure Pb in extractant solutions
using advanced instrumentation such as Inductively Coupled Plasma Mass Spectrometry (ICPMS).
Field Portable X-ray Fluorescence (pXRF) Spectroscopy has the ability to conduct
nondestructive, non-contact analysis of solid and liquid samples. It requires minimal sample
preparation, little operator training and has high repeatability (Moradi et al., 2015). Several
chemical and physical extraction techniques have been proposed to facilitate XRF analysis of
liquid samples (Moradi et al., 2015). Preconcentration may be necessary and may include simple
evaporation or freeze drying for samples of low salinity or hardness, but very often a more tedious
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and fallible chemical preconcentration is needed (IAEA-TECDOC-9SO, 1997). Eksperiandova et
al. (2002) proposed usage of gelatin (agar) to produce preconcentrated thin agar films that could
be analyzed for trace metals by XRF with good repeatability due to the homogeneity of the agar
films (Nakano et al., 2009). Moriyama (2009) effectively used Ultracarry filter paper and an
Ultradry vacuum dryer for sub ppm level analysis of hazardous heavy elements in wastewater and
river water with the XRF method. Therefore, a preconcentration technique is commonly
recommended before the XRF analysis, including solid- and liquid-phase extraction (Moradi et al.,
2015).
Direct analysis of liquid samples using XRF has often been considered problematic
because liquid samples have a high X-ray scatter background, which often leads to low signal-tonoise ratio (Moradi et al., 2015). Liquid samples can be challenging depending on the composition
and stability (learnxrf.com/liquids/) and issues such as evaporation, stratification, and
precipitation. The liquid may attack or be absorbed by the window film, wick up and out of the
cup. Because of these difficulties, liquid samples should be freshly prepared, preferably directly
before analysis. Solutions should be well mixed before transferring them into an XRF cup.
The need to develop fast, affordable methods for total Pb and bioaccessibility is driven by
the observed high variability of Pb in urban soils and the high variability in bioaccessibility. The
capability of pXRF for directly measuring metals in liquid samples have been advertised by
manufacturers, but there is scarce scientific literature on the topic. Therefore, part of this study
was designed to evaluate the reliability of such measurements in terms of reproducibility, stability,
matrix effect and accuracy. The second part of this study is to compare the pXRF bioaccessible Pb
results on soil extractants with different acids/solutions, and with the results obtained with the
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standard U.S. EPA protocol (method 1340) (U.S. EPA, 2012a). (U.S. EPA, 2017)This is the first
study that explores the use of pXRF to measure liquid solutions for bioaccessibility of Pb.

6.2 Methods
6.2.1 Bioaccessible metal concentrations using standard EPA protocol
Bioaccessible Pb was quantified following a modified version of the standard U.S. EPA
Method 1340: In Vitro Bioaccessibility Assay for Lead in Soil (U.S. EPA, 2012a). This method
was modified by using extraction with 0.4-M glycine solution at pH 2.5 rather than at pH 1.5,
according to the protocol. All samples were oven-dried for 24 hours at T = 105⁰ C, sieved through
< 250 um, and extracted at T = 37⁰ C after 1 hour rotation on the temperature-controlled shaker.
Standard Reference Material 2710a was used as the external standard for bioaccessible Pb and was
included in each extraction batch. Each extraction batch consisted of 20 samples. Bottle blank,
blank spike and matrix spike samples were included in each batch along with two replicates for
quality control. Extracts were analyzed by ICP-MS for Pb.

6.2.2 Simplified acid leaching
Twelve urban garden soil samples, with total Pb content ranged between 250 and 5500 mg
kg-1, were air dried and passed through <1 mm sieve in the lab for this experiment. Sieving could
be done in the field if necessary. Five grams of each sample were thoroughly mixed with 50 ml of
0.4-M glycine at pH 1.5 for 1 minute to achieve homogeneity. The mixtures were left at room
temperature (T = 20⁰ C) for 1 hour. The samples were further filtered with a syringe filter of 0.45
um diameter. The resulting leachates were transferred into XRF cups and measured by the pXRF
analyzer. In order for pXRF to be quantitative, samples must be at least 15 mm thick for liquid
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samples (User Manual DeltaTM Family: Handheld XRF Analyzers PN_103201, 2010). Each
measurement was performed with one beam of 30-seconds duration in three replicates. The
inverted cup was placed on top of the XRF beam, a technique employed to avoid the bias from air
bubbles in the liquid.
The same urban garden soil samples were used for leaching with 1N HCl or 1N HNO3.
The samples were air dried and not sieved to mimic field conditions. Five grams of a soil sample
were extracted with 25-mL 1N HCl or 1N HNO3 for 30 minutes. The samples were further filtered
with a syringe filter of 0.45 um diameter. The resulting leachates were transferred into XRF cups
and measured with the pXRF. Each measurement was performed with one beam of 30-seconds
duration in three replicates. Overall, the proposed XRF method requires 2-4 hours of operation in
field conditions, while standard EPA protocol requires 2-3 days with sample preparation,
extraction, and ICP-MS analysis.

6.2.3 Quality control
In order to examine the accuracy of XRF measurements for Pb in liquid samples, standard
additions of 0, 20, 50, 100, 150, 200 ppm of Pb were added into DI water, measured by the XRF
and further analyzed with more accurate ICP-MS. To study potential matrix effects on the XRF
measurements, Pb spikes of 0, 20, 50, 100, 150, 200 ppm were added to the filtered solutions of
two samples after the extraction and measured by pXRF. The same quantity of Pb was also directly
added to the same soil samples prior to the extraction to assess the recovery of Pb during the
extraction process. Standard Reference Material 2710a was used as the external standard for
bioaccessible Pb.
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6.2.4 Data processing
The Student’s t-test was utilized to compare data sets measured at different time or with
different XRF analyzers. The data sets were considered not statistically different if the probability
value was > 0.05. The data sets analyzed by XRF for glycine solution at pH 1.5, 1 N HNO3 and 1
N HCl, and EPA method 1340 with ICP-MS at pH 2.5 were compared using One-way ANOVA
with post-hoc Tukey HSD Test.

6.3 Results and discussion
6.3.1 The ability of portable XRF to measure Pb in liquid solutions
Six extracted samples were analyzed twice with pXRF for Pb, at the initial extraction and
one week later. The results were almost identical (Fig. 6.1a), suggesting that the extraction solution
is rather stable and the pXRF measurements can be performed both in the field and in the
laboratory reliably over at least one week period. In another trial, twenty three extractant samples
were measured by two different XRF analyzers (Olympus Delta Classic 4000 from Brooklyn
College and Delta InnovX Premium from Columbia University) and the results were found to be
reproducible (Fig. 6.1b).
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Figure 6.1 a) Stability of leachate samples (n=6) one week apart and; b) Reproducibility of leachate
samples (n=23)

Standard additions of 0, 20, 50, 100, 150, 200 ppm of Pb were added into de-ionized water.
There was a perfect correlation (R2 = 1.000, p < 0.001) between expected Pb concentration and
pXRF results, however, the latter was about 15% higher. It is not clear as to why the pXRF results
are systematically higher, and this should be further investigated. This could be related to the
software that was used in this study – it was mainly for the solid environmental samples rather
than liquid samples. To our knowledge there is no pXRF software specifically developed for liquid
solution samples available. It should be noted, however, that pXRF has largely been a screening
tool rather than for highly precise quantitative analysis. According to Kalnicky and Singhvi (2001),
field-portable XRF measurements are reliable (with precision better than 20%) when target
elements have concentrations more than 10 times the XRF detection limit.
Two different samples (SCG and DF) were chosen to determine potential soil matrix effect
on pXRF measurements of Pb in liquid solutions (Fig. 6.2a). There was good correlation between
expected Pb and pXRF measured Pb, however, again the latter was 17% and 22% higher
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respectively for these two samples. Because of the 15% bias from pXRF, as described earlier, the
net matrix effect (2-7%) is rather small, if it indeed exists.
In a separate experiment, Pb spikes were added directly into the two soil samples prior to
the extraction (Fig. 6.2b). The pXRF readings of the extracted solutions were much lower than
expected, and this is contradictory to the pXRF reading bias (i.e., pXRF readings should be higher
than expected) as discussed earlier. This indicates that part of the Pb spike was likely precipitated
and was not able to be leached during the extraction. This was especially remarkable for the SCG
sample, which has very high total P concentration (>4000 mg kg-1) and high TOC (>20 %). Lead
has a tendency to bind with phosphates and organic matter forming stable complexes in soil.

6.3.2 Assessment of soil Pb bioaccessibility using different extraction methods followed by pXRF
In this study, we followed a simple procedure for soil Pb bioaccessibility determination:
air dried soil samples sieved to < 1mm, a soil:solution ratio of 1:10, extraction time of 1 hour at
room temperature, and measurement of Pb in filtered extractant with pXRF.
U.S. EPA 1340 method typically uses soil:solution ratio of 1:100 (U.S. EPA, 2012a). This
was used to reduce effects of metal dissolution that have been noted by Sorenson et al. (1971)
when low ratios (1:5 and 1:25) were used (Drexler and Brattin, 2007). With the pXRF method, a
higher concentration in the liquid was necessary due to the detection limit of the instrument. For
pXRF, concentrations of >100 ppm show peaks clearly, concentration of 0 – 100 ppm approach
the limit of detection (critical zone), concentrations of <10 ppm show no peaks (Clapera, 2006).
With a soil:solution ratio of 1:10 and a soil Pb content of 100-5000 mg kg-1 are expected to be
sufficient Pb concentrations to be detected and quantified by pXRF.
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We also experimented with different acids/solutions (1N HNO3, 1N HCl, 0.1N HCl, and
0.032N HCl) for extracting bioaccessible Pb in soil. The pH of extracting solution is a critical
parameter for soil Pb bioaccessibility determination. A pH range of 1.5±0.05 should be maintained
according to the standard EPA protocol (U.S. EPA, 2012a). In this study, different extraction
solutions were tested to find the best solution for maintaining a proper pH level (Table 6.1). Among
four different extraction solutions (1N HCl, 0.1N HCl, 0.032N HCl, and 0.4 M glycine with initial
pH 1.5), only the 0.4 M glycine solution showed the expected results. Other concentrations were
too acidic and 0.032N HCl resulted in very high pH (4.22) for the SCG sample, likely due to its
high carbonate content.
Figure 6.3 shows comparison of data sets analyzed by pXRF for glycine solution at pH 1.5,
1 N HNO3 and 1 N HCl, and EPA method 1340 with ICP-MS at pH 2.5. It should be noted that
the pXRF readings were consistently ~15% higher than expected. Taking this fact into account,
the 1N HNO3 extraction (air dried soil, 1:5 solid:acid ratio, 30 min leach at room temperature,
pXRF measurement) yielded a similar amount of Pb as the EPA standard protocol.

Table 6.1. pH of different extraction solutions

pH before
extraction
Sample ID
SCG
DF
S0214-6B
S0412-48A
S0712-1B

1 N HCl

0.1 HCl

0.032
HCl

0.84

1.35

1.68

0.82
0.83
0.78
0.79
0.77

1.41
1.13
1.15
1.16
1.18

0.4 M glycine pH
1.5
Required pH
1.47

pH after extraction
4.22
1.80
1.66
1.53
1.68
1.55
1.65
1.53
1.71
1.55

pH 1.5± 0.05

pH 1.5 ± 0.5
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Figure 6.3. Comparison of data sets (n=12) analyzed by XRF for Method 1: 1 N HNO3, Method
2: 1 N HCl, and Method 3: 0.4 M glycine solution at pH 1.5, and EPA method 1340 measured by
ICP-MS at pH 2.5.

The 1N HCl extraction (air dried soil, 1:5 solid:acid ratio, 30 min leach at room
temperature, pXRF measurement) yielded ~30% less Pb than the EPA standard protocol. The 0.4
M glycine solution extraction (air dried soil, <1 mm, 1:10 solid:extract ratio, 1 hr leach at room
temperature, pXRF measurement) yielded only about half the Pb measured by the EPA standard
protocol. It should be noted that the lower extracted Pb could be due to a number of factors such
as larger particle size (unsieved or ~ 1 mm instead of EPA recommended <250 or <150 um), lower
extraction temperatures (room temperature vs. EPA recommended 37°C), re-adsorption
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because of the higher soil:solution ratio (1:5 or 1:10 vs. 1:100), and less shaking of the slurry
(EPA protocol requires a shaker), comparing to the EPA standard protocol.
6.4 Conclusion
A screening method for soil Pb bioaccessibility using an XRF analyzer is proposed. This
method allows for rapid, economical and field applications. A preliminary examination of the
reliability and feasibility of this method was conducted. Results showed that pXRF can be used
to measure Pb directly in liquid samples, albeit the readings were about 15% higher than expected
values. A correction factor can be used if this bias is confirmed to be consistent for a large number
of samples and across different pXRF instruments. No significant matrix effect was observed.
More research is clearly needed to optimize the specific protocol for this proposed screening
method, and evaluate the accuracy of results with those based on the standard EPA protocol.
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Chapter 7. Synthesis: Is urban gardening hazardous to your health?
Gardening brings many benefits to urban residents such as nutritious food, grocery bill
reduction, physical and mental health benefits, decreased crime, and a deeper connection
to agriculture and urban nature. From 2008 to 2013, the number of home gardens increased by 4
million to 37 million households, while community gardens tripled from 1 million to 3 million, a
200 percent increase (National Gardening Association, 2014). There are more than 18,000
community gardens throughout the United States and Canada (Lawson et al., 2013). In New York
City there are over 750 community-sponsored open space garden project sites (Lawson et al.,
2013) covering more than 90 acres (Eizenberg, 2013).
Unfortunately, Pb and As contamination is common in urban soils and is a major constraint
on urban agriculture and gardening. Interestingly, many soil scientists consider the heavy metal
problem to be “solved” in that we know how (theoretically) to amend or avoid contaminated soils.
However, in reality, soil metal contamination falls in a gap between basic science and actual human
activities in the environment. As is so frequently the case, the flow of information from science to
society is incomplete and inefficient. People don’t amend their soils properly, they are unaware
of how widespread contamination is, and they are unaware of the routes of exposure. It is unclear
if home gardeners have the capacity to sort through these different options and risks on their own.
We are thus faced with the vexing problem that a beneficial activity (gardening) could
mean increased public health risk from trace elements, i.e. legacy contamination from leaded paint,
gasoline, lead arsenate pesticides, emissions from incinerators, etc. The first order of business in
addressing this problem is characterizing the nature and extent of Pb levels in NYC gardens. The
spatial distribution of this contaminant showed very high median Pb concentrations (n=2322) in a
wide range of neighborhoods including Greenpoint, Williamsburg-Bushwick, Downtown106

Heights-Park-Slope, Bayside-Little Neck, Stapleton-St. George that require attention and
remediation practices to prevent human exposure.
We also evaluated over 126 garden ecosystems with different risk indices that assess the
nature and extent of soil contamination threats. Risks in our sites were ordered: Pb > Cd > Cu> Zn
> Cr > As > Ni. It is interesting to note that Cd was the second highest risk. Cadmium in urban
soils is often understudied even though it can cause heart and kidney diseases and bone
embrittlement. Thus, further urban soils research should be focused not just on Pb and As, but also
on Cd contamination. Based on a “pollution load index” (PLI), the gardens were characterized as
polluted with calculated values between 1.1 and 64 (PLI = 1 indicate heavy metal loads close to
the background level, PLI > 1 indicate pollution).
The next order of business is to think about how humans are exposed to these contaminants.
Soil metals can directly affect human health from ingestion and inhalation of soil particles enriched
in contaminants. Human health risk evaluations of toxic metals in soils based on total soil metal
content can overestimate actual risk since only a fraction of the total metal content in soil is
bioavailable, i.e. can be absorbed in the gastrointestinal tract upon ingestion (U.S. EPA, 2007a).
In vitro bioaccessibility tests performed in a laboratory that measure dissolution of metals from
soil in a solution mimicking a gastric environment are commonly used as a reliable and cost
effective means of soil metal bioavailability (Bradham et al., 2011).
In general, it is recognized that soil bioavailability and bioaccessibility are controlled by
the speciation of contaminants in different soil phases. However, there is great variation in the
bioavailability of metals in soil particles. Pb/As speciation is dependent both on the source and
chemistry of the contaminants, but also on the mineralogical and biophysicochemical properties
of the soils. There is particular interest in the phosphate content of soil, as there are complex
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interactions between phosphorus and Pb, and phosphorus additions can be used to reduce Pb
hazards. pH of the extractant solution is critical as while it is designed to simulates a human gastric
system, metals move through a wide variety of environments with varying pH. In this dissertation,
bioaccessibility of Pb in 49 urban soil samples varied among samples and with the pH of the
extractant solution used (14%–86% at extractant pH 1.5 and 14%–73% at extractant pH 2.5),
reflecting the heterogeneous nature of urban soils and the influence of soil mineralogy and other
factors on the stability and leachability of Pb. There was a negative relationship between phosphate
and Pb bioaccessibility observed when the pH 2.5 extractant was used. Organic content also had a
negative relationship with Pb bioaccessibility. Carbonate and Fe/Mn hydroxide effects on Pb
bioaccessibility were not as significant as phosphate and organic matter. There was no correlation
observed between percent bioaccessible and total Pb; i.e., some samples with low concentrations
of total Pb had high bioaccessible Pb. There is a clear need for further research on the factors
regulating bioaccessibility in urban soils and for the development of rapid, inexpensive methods
for assessing bioaccessibility. These steps will facilitate development of guidelines for Pb exposure
based on bioaccessible Pb rather than total Pb.
Current methods for analyzing soil bioaccessibility using an ICP-MS are time consuming
and costly. There is a need for simple tools and methods to perform diagnostic screening in order
to detect hot spots of contaminants and associated risks. A new approach for low cost and rapid
assessment of soil Pb bioaccessibility using a portable X-Ray Fluorescence (pXRF) analyzer was
proposed in this dissertation. The procedure includes the following steps: (1) air drying of soil
samples, (2) extraction with a soil:extract ratio of 1:10 for one hour at room temperature, (3)
filtration of the extractant, and (4) direct measurement of the extractant in cups by pXRF. The
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results show that pXRF was able to measure Pb directly in liquid samples, however, the pXRF
readings were consistently ~15% higher than expected measured by the ICP-MS.
Contaminated soils produce contaminated plants, which can then be consumed by humans.
My research at the Duke Farm site in New Jersey suburbs, known for its contamination by leadarsenate pesticide used to control gypsy moth in the 1920’s, shows that vegetables produced on
these suburban soils can have Pb and As at levels above health and safety standards, especially
root and leafy green vegetables. This contamination appears to have come from soil particles
adhering to the vegetables; i.e., plants do not appear to be taking up significant amounts of metals
into their tissues. Tomatoes were the only vegetables completely safe for consumption. Phosphatebearing amendments reduced extractable Pb but increased extractable As in both soils and
vegetables. Compost additions significantly improved soil quality and plant health and yield, and
decreased soil and vegetable contamination levels. Many fields and farms that experienced leadarsenate application decades ago are subject to the soil health problems that we observed at Duke
Farm. There is a strong need to expand awareness of heavy metal problems beyond dense urban
areas to encompass this widespread suburban and rural problem.
The capacity of gardeners to understand and act on scientific data related to soil
contamination is variable, and important. In 2014, the New York Post published two articles on
“toxic soils” and “toxic vegetables” grown in Sterling Community Garden in Brooklyn (Buiso,
2014a, 2014b) (Figure 7.1). The stories were based on research conducted by McBride et al. (2014)
and uses phrases such as “disturbing new state data,” “the numbers are startling,” and “this is
insane.” Meanwhile, the research had found only few a contaminated spots and vegetables and the
article created extreme concern and confusion among the urban gardening community across the
city. Detailed analysis for this dissertation found one area with extremely high concentrations of
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Pb and As, adjacent to a peach tree that may have been treated with Pb-arsenate pesticides in the
past. Amendments applied to remediate this area produced only limited benefits. Bioaccessibility
of Pb and As was lowered with the addition of bone meal, and total Pb concentration was lowered
due to a dilution effect (i.e. the decrease of metal concentrations directly in soils and indirectly
(via increased growth) in plants (Mcbride et al., 2015). No significant effect was observed for As.
Our results also suggest that significant levels of available Pb and As remain in these soils and that
vegetables produced on these soils can have metals at levels above health and safety standards.
Median

Pb

and

As

concentrations

in

the

plant

tissues

were

as

follows:

onion>kale>eggplant>cabbage>tomato. In contrast to the Duke Farm studies, we observed
evidence of direct plant uptake of Pb and As in Sterling Community Garden. Plant tissue Pb and
As were not correlated with plant tissue Al (an index of the presence of soil particles on plant
tissue), suggesting that transfer of Pb and As from the soil occurred via root uptake and less by
adherence of soil particles to plant surfaces.
What are the lessons from our analyses in New York City, Duke Farm and Sterling
Community Garden? Our case studies confirm previous work showing that crop type is more
important than amendment type, and soil ingestion is the main pathway for human exposure. The
more novel aspects of our findings relate to how contamination plays out in real urban and
suburban settings and leads to incidental ingestion of soil particles and dust that can be hazardous
for people, especially children playing or working in the garden. The results emphasize the need
for detailed scientific assessments of the nature and extent of contamination, and of the effects of
amendments and other actions on human expose to this contamination. We highlight the need for
improved methods to facilitate these assessments. While basic science soil science research has
produced deep understanding of heavy metal chemistry in soils, there is still a strong need for
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research on how these dynamics play out in real urban and suburban settings, and for policy
awareness of the risks experienced by both urban and suburban populations.

Figure 7.1. Two stories of Sterling Community Garden contamination issues were published in
the New York Post newspaper in 2014.

Perspectives for Future Research
In vivo studies on urban soils amended with phosphates
In the past two decades, many studies have attempted to use sequential and selective
leaching to quantify the speciation of metal contaminants in soil. It is widely understood that these
chemical leaching methodologies have significant shortcomings, and in some cases, are not
“selective” (Cheng et al., 2011). Chemical leaching is also the foundation for all the existing
bioaccessibility protocols, and the inconsistency of these methods with animal models contributes
to the large uncertainty in the measurement of bioavailability in soils. To confidently determine
which bioaccessibility test is better, we need to conduct independent in vivo analysis of urban soils
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amended with phosphates commonly found in city parks, gardens and yards. The rationale of
amending soils with phosphate is that phosphate will promote formation of insoluble species such
as pyromorphite minerals in soils (Scheckel et al., 2013). These minerals stay insoluble after
ingestion, and therefore, decrease Pb bioavailability and bioaccessibility. Since in vivo studies are
time consuming and expensive, further development of rapid assessment toolboxes and techniques
are necessary for fast and reliable identification of contamination hotspots.

Synchrotron analyses of Pb and As speciation for understanding the mechanisms that
trigger Pb and As bioavailability
The complexities of soil mineralogy greatly complicate analysis of metal dynamics. Lead
and As speciation and bioavailability are dependent both on the source and chemistry of the
contaminants, but also on the physicochemical properties of the soils and phosphate amendments.
Synchrotron light sources offer radiation of high brilliance and intensity many orders of magnitude
greater than conventional X-ray sources used in X-ray powder diffraction (XRD), electron
microprobe analysis (EMPA), or energy-dispersive X-ray spectroscopy (EDS) instruments,
allowing for significantly improved spatial resolution and detection limits (on the order of 0.1%,
Scheckel et al. 2013) over non-synchrotron techniques. While the accelerated electrons at a
synchrotron produce radiation suitable for many different studies, individual beamlines are
engineered with analytical capabilities tailored for specific categories of experiments.
Synchrotron-based analyses can provide information about the presence of specific soil minerals,
including pyromorphite (a Pb-containing mineral especially important in phosphate amended
soils), group soils into mineralogically similar and dissimilar categories, and assess whether a
particular metal is sequestered in an inorganic or organic matrix. This approach would lend itself
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to urban soils and the ability to classify these soils in order to obtain more meaningful correlations
to bioaccessible Pb and As.

The effect of environmental variables on actual health outcomes
Children can be exposed to Pb in soil particles through ingestion and inhalation leading to
elevated blood lead levels (BLLs). Currently, in many cities around the world the contribution of
soil Pb to spatial distribution of children’s BLLs is unknown. There is a great need to understand
the changing sources of Pb exposure (for example, single-source pathways from industrial soils
vs. multiple-source pathways from urban soils). Identification of Pb exposure pathways affecting
BLLs has to be done in collaboration with medical researchers and public health agencies to assess
the relationship of environmental variables to actual health outcomes (i.e. lowered BLLs in
children). Topics that need to be addressed include: the effectiveness of soil remediation in
a neighborhood (e.g., importing clean topsoil) to lower Pb exposure in children, the impact of
gardening activities on blood Pb of gardeners and their families, the impact of overall diet (e.g.,
calcium intake) of individuals on blood Pb, and the correlation between Pb concentrations in house
dust and soil outside the house.

Recontamination of remediated soils and vegetable surfaces
Many different techniques and methods have been applied to remediate contaminated soils
and mitigate trace metal impacts on human health. However, the environment is very dynamic and
recontamination can easily occur. It would be valuable to evaluate the amount of Pb in crops grown
in urban soils that derives from atmospheric deposition versus the soil that the crop is growing in
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and to investigate if high compost amendments added to Pb-contaminated soil could actually
reduce both Pb uptake and soil-Pb dust on vegetable crops.
Even though this is a very slow process, there is no evidence that clean soils imported into
gardens would not become Pb-contaminated again in a few years. In addition, the effect of
evaporation and bioturbation on soil Pb and As translocation in capped and covered soils after
remediation is still unknown.

Modelling sustainable urban food production with related ecosystem services
Urban agriculture addresses the environmental effects of urbanization and the loss of arable
land, which are two of the 17 sustainable development goals (SDGs) necessary to transform the
world

into a place

with

less hunger,

more

sustainable cities

and communities

(https://www.un.org/development/desa/disabilities/envision2030.html), and educational, cultural
and aesthetic benefits. One approach to evaluating these effects is to use an “ecosystem services”
approach, which has begun to be applied in cities across the world facing similar problems of
migration, overpopulation and pollution. By definition, ecosystem services are the benefits that
people gain from nature and from properly-functioning ecosystems. They are grouped into four
broad categories: provisioning, regulating, supporting, and cultural. The ecosystem services
approach seeks to improve decision-making for particular issues by assessing and assigning
economic values to specific services. A conceptual model of sustainable urban food production
should be developed relating different ecosystem services provided by urban gardens and farms to
environmental and socio-economic factors. Economic and environmental indicators can be used
to estimate ecosystem services at the city scale. At the local scale, the model could be validated
and fit based on field experiments growing different types of crops in different types of agricultural
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enterprises. Such an approach would allow for linkage of two spatial dimensions of urban
gardening (local and city level).

An emerging frontier: soil pollution and climate change
A potentially important topic that has received very little attention is the impact of global
warming and associated extreme events on soil pollution and metal mobility in soils. Global
warming leads to increased soil and atmospheric temperatures, droughts, and soil erosion.
Correlational studies have shown increases in BLLs during droughty periods when soil is dry and
dusty and decreases during rainy periods when soil is wet and dust is settled, blood Pb decreases
(Laidlaw et al., 2005). Many studies indicate that urban soils contaminated with Pb become
suspended in the atmosphere in the summer and autumn when evapotranspiration is at a maximum
and soils are dry. These particles then settle out elsewhere, potentially contaminating clean soils.
Increased evapotranspiration rates could also lead to translocation of metals from deeper soil layers
to the rhizosphere, where they are more readily available for plant uptake. Analysis of plant sap
for heavy metals may be a powerful tool for evaluating climate effects on metal movement. Urban
areas may be an excellent venue for these studies as the urban “heat island effect” can function as
a natural long-term climate manipulation experiment.
Extreme climate events will be particularly challenging to evaluate. For example, Mielke
et al. (2016) compared soil and BLL before and ten years after Hurricane Katrina in New Orleans
and found significant decreases for both parameters. It is possible that large quantities of sediments
with low metal levels originating from the coastal environment covered contaminated soils and
reduced exposure to Pb.
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